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ABSTRACT 

Thss report describes th^ results of a  9-month study pf a  lightweight ioi^- 
gral regenerative Q,^S  tu;"bine for high performance. 

Two veeli-integret£d engine concepts have been designed by utilizing an 
annular recuperator cf Cu^u^ar construction wrapped around the turbo- 
machinery to give comptvt, .ightweight engine packages. In both designs, 
ehe recuperator is ctirstdere^ tc be primts structure and acts as the struc- 
tural backbone of the tngin» assembly. Utilizing such an arrangement, the 
recuperator and turbomschir.ary being concentric, minimizes any distortion, 
teiftpei-ature differentia!s, and pressure tosses, and by having ail the ducts 
integral v/ith  the engine structure, contributes to a lower overall engine 
cost. 

Ease of routine inspection af<d maintenance for the two engines, which were 
designed with the minimum of mechanical complexity, Is emphasized by the 
fact that with a single tool, the engine acsrnbly can be split into the 
three besic modules, namely, the gas generator power section, the power tur- 
bine section and the recuperator, in a few minutes. 

For the cycle conditions, with an airflow of 5 lb/sec, pressure ratio of 
9;!, and a turbine Inlet temperature of k3000F, % femfly of lightweight 
engine designs has been established over a range of recuperator effective- 
ness from 0.40 to 0.80 and a range of pressure loss from 4 percent to 10 
percent. At the extreme end of the ranges of variabJes^ an engirv? design 
is concluded with a specific fuel consumption of 0.533 Ib/hp hr the corres- 
ponding specific power being 194.70 hp/lb/sec  This performance Is echs«yed 
within an engine envelope of 23.18 in. diameter by 33.0 in. length; the 
specific weight of the unit Is 4?.66 lb/lb/sec. 

In the analysis, a reference engine design was establlshec with a rerupera- 
tor effectiveness and pressure loss of 0.65 and 6 percent respectively. 
With an SFC and specific pc^er of 0.3^5 and 192^54 respectively, ths specific 
weignt of the lightest design was 34.72, this corresponding to a power-to- 
weight ratio of 5.55. This performance is achieved within an engine enve- 
lope of 19.04 in. diameter by 28,5 in. length and at an estimatea cost of 
$42.9/horsepower. 

To provide a  direct comparison in the analytical studies, a nenrecuperats i^e 
er.gine was dssigned using the same cycle conditions. With an SFC and spe" 
cific power of 0.466 and 204.4 respectively, the specific weight of the 
eng:ne was u3.35, this corresponding :o  a power-to-weight ratio of 8.75. 
This performance is achieved within ars engine envelope of 14.0 in. diameter 
by 28.55 in. It igth and at an estimated cost of $33.24/horsepower. 
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IMTRODÜCTIOH 

Application of recuperation to the small gas turbine can provide a 
significant improvement in Army aircraft range capability and in fuel 
logistics. Recuperators are attractive from standpoints of both increased 
range per load of fuel and potentially lower overall costs resulting from 
fuel savings. 

To date; very few recuperative gas turbines have been utilized for aircraft 
or helicopter propulsion. In most cases, the engines evaluated have been 
existing gas turbines which were modified to accommodate a recuperator. 
While these engines, with essentially bolt-on recuperators, have performed 
satisfactorily and have demonstrated the structural integrity of the heat 
exchanger, they do not represent optimum designs from the standpoints of 
maximum performance and minimum weight. 

In this study, analytical and design approaches have been made to arrive at 
a truly integrated engine design, not merely errangements In which the 
recuperator was added to the turbomachinery. Various compressor, turbine, 
combustor, and recuperator arrangements were evaluated and assessed on the 
basis of degree of integration. One of the principal goals was to estab- 
lish a 1ightweight, compact engine unit. 

The engine cycle conditions were fixedj namely, a mass flow rate of 5.0 lb/ 
sec, a turbine iiilet temperature of 23000F, and a compressor pressure 
ratio of 9:1. All of the component effielencles were defined, with the 
exception of recuperator effectiveness and pressure loss, which were con- 
sidered as variables ir the study. The study was aimed at selecting two 
engine configurations, one for external installation on the aircraft or 
helicopter and the other for internal installation. Various flow configura- 
tions were evaluated as a part of the study aimed at identifying the optimum 
unit for each type of installation.  Engine configurations having minimum 
weight and cost were selected, and a sensitivity study was carried out to 
show how small changes In any one of the basic parameters affect the com- 
plete system. For each type of installation, optimum recuperators are 
identified for maximum net weight savings at given mission times. 

U. S- Army Aviation Materiel Laboratories initiated £ 9-month program 
to evaluate lightweight integrated recuperator concepts for small high 
performance aircraft gas turbines. This document is part of the final 
report of that program. 

The program was organized into five work tasks as outl ined be' ow: 

f- 
Task 1 - Engine Performance and Design Data 

Tesk 2 - Configuration Study 

r-- 
Task 3 - Recuperator Parametric Study 

1 

,.:'; „ 

. ^.^^■•-     ' 



Task &  - System Comparison and Evaluations 

Task 5 - Sensitivity Stuoy of Cptiraum Systems 

Each work task !s described In a separate section of this report. The 
results and the program conclusions ara presented in tne last two sections 
of this report. 
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1 CYCLE DETAILS 

ENGINE PERFORMANCE AND DESIGN DATA 

The basic engine design point parameters are outlined in Table I; in addi- 
tion, a series of parameters necessary for establishing the size and per- 
formance of the turbomachinery components is outlined in Table II. This 
data was used in a computer program written for gas turbine engine cycle 
analysis and component evaluation. 

TABLE I. ENGINE DESIGN POINT CYCLE DATA 

Engine airflow, lb/sec 5 

Compressor pressure ratio 9:1 

Compressor efficiency, percent 82 

Combustor efficiency, percent 99 

Combustor pressure drop, percent 3 

Turbine inlet temperature, 0F 2300 

Gas gentsrator turbine efficiency, percent 86 

Power turbine efficiency, percent 90 

Cooling air, first nozzle, percent 1.5 

Cooling air, first blade, percent 1.5 

Cooling air, second nozzle, percent 0.5 

Fixed geometry 

PERFORMANCE DATA 

A study was carried out to estirate the performance of the recuperative 
engine as a frsnetion of the two basic heat exchanger parameters, namely, 
effectiveness and pressure loss-  In Figure I, the curves show specific 
fuel consumption (SFC) and engine specific power (sp hp) as a function of 
recuperator effectiveness and pressure loss. Recuperator effectiveness (c) 



TABLE II.    ADDITIONAL DATA USED IN ENGINE CYCLE ANALYSIS 

Inlet duct  loss (AP/P) 0 

Interstage turbine diffuser loss,  percent 3 

Leakage (at compressor discharge pressure)  W. 
percent 

1.5 

LHV of fuel,  Btu/lb 18,400 

Accessory power, hp 6.0 

Gas generator mechanical efficiency,  percent 98 

Recuperator leakage 0 

«Range of recuperator effectiveness 0.40 to 0.90 

""Range of recuperator pressure loss ( pL 
percent 

2 to 10 

Recuperator pressure loss split 1.5 

(1P/P)gas/(AP/«a.r 

Total cooling airflow VL,  percent 3.5 

Compressor discharge mass flow,   lb/sec 5.0 

Recuperator  inlet flow (cold side),   lb/sec 4.75 

5.0 - (1.5% WL + 3.5% Wc) 

Gas generator turbine  inlet flow,   lb/sec 4.85 

4.75 + (2% Wfuel) 

Power turbine  inlet flow,   lb/sec 5.0 

4.85 + (3% W. reentered) 

Recuperator  inlet flow (hot side),   lb/sec 5.0 

(W.C )   .     (T      "T.  J   . 
rr.  . .                    .!-.._                    pair      out     i n a i r    1 

^^  p min 
where    W   » mass flow rate 

Cp = specific heat 
T    = total  temperature 

T.           -T.       .  , 
in gas     in air) 

»»Recuperator overall  pressure loss (AP/P)   defined as 

air   in            gas   .n 
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Consumption and Specific Power. 



?s varied from 0.40 to 0.90, and pressure loss (AP/P) is»varied from 2 to 
JO percent- The curves are drawn for standard day, sea level conditions, 

I vrth zero aircraft velocity. 

To compare performance, weight, and cost between a nonrecuperative and a 
recuperative engine, a further analysis was considered. Using the sane 
cycle conditions and component efficiencies, a performance estimate of a 
nonrecuperative engine was carried out. Although a direct comparison of 
performance, weight, and cost between nonrecuperative and recuperative | 
engines is being ma<^ ',n  -vlual practice the optimum nonrecuperative engine 
might have been at a much higher pressure ratio than the 9:1 given for the 
recuperative engine. To enable layouts to be made of the recuperative » f 
engine, a cycle point corresponding to intermediate values of effectiveness 
and pressure loss was selected. Considering mean values of effectiveness 
and pressure loss from the range given in Table II, a design with an effec- 
tiveness and pressure loss of 0.65 and 6 percent, respectively, was selected 
and sized so that conceptual design layouts of the recuperative and nun- 
recuperative engines could be made. Throughout the study, this engine 
design point has been referred to as the reference recuperative engine. 
From the performance analysis, a direct comparison between the reference 
recuperative engine and the nonrecuperative engine is given below. 

Specific 
Powsr 

(hp/lb/sec) 
Power 
(hp) 

SFC 
(hp/lb/hr) 

Reference 
recuperative engine 

192.54 962.7 0.365 

Nonrecuperat ive 
eng i ne 

205.66 1028.3 0.464 

Values of temperature and pressure throughout the cycle., together with 
salient component loadings, for the recuperated and ncnrecuperated engines 
are given in Tables III and IV, respectively. 

COMPRESSOR DESIGN 

During the preliminary phase of this prcgram, when the compressor type 
was being evaluated, advantage was taken of the findings fron a  small axial- 
centrifugal compressor matching program I(eln9 carried out at AiResearch 
(Reference I). This, together with other work in the industry, indicated 
that an axial-centrifugal compressor would provide high efficiency and 
would be well suited for an engine having the design point at the maximum 
power rating. The axial-centrifugal compressor configuration gives a short 
package envelope, and can be produced at a relatively low cost. 
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Overall design performance estimates were made based on current in-house 
and industry technology and on advanced technology projections considered 
to be achievable within a 3-year development program. Component perfor- 
mance was estimated asing existing test data and advanced technology pro- 
jections for single-stage axial compressors as shown in Figures 2 and 3. 
The axial compressor performance teas taken from the state-of-the-art curve 
shown in Figure 3. The aerothermodynamic analysis showed that the required 
performance could be realized with pressure ratios of 1.5 and 6.0 for the 
axial and centrifugal compressor stages^ respectively. 

The specific speed, M's* of the centrifugal compressor is in the order 
of 50, and for this value the projected curve on Figure 2 shows a poly- 
tropic efficiency of 86.5 percent. This is approximately one percentage 
point higher than that shown for existing compressors and is equivalent to 
an adiabatic efficiency of 81.6 percent at a pressure ratio of 6.0. The 
adiabatic efficiency of the axial stage is 90.5 percent, and combining the 
two-stage efficiencies yields an overall compressor efficiancy of 82 percent- 

TURBiHE BESIfiM 

For a recuperative engine design of minimum volume and weight, it is 
desirable to establish a design in which the exit Mach number from the last 
turbine stage is as low as possible in order to minimize exit diffuser 
length and turning losses in the turbine to recuperator ducts. Although 
the design value of total-to-total power turbine efficiency of 90 percent 
may be attained in a single stage, the above mentioned condition could not 
be satisfied. For example, related studies involving similar engine types 
indicate a three percentage point penalty in total-to-static efficiency for 
a one-stage turbine compared to a two-stage turbine. The corresponaing 
reduction in duct exit Mach number was 31 percent. For these reasons, a 
two-stage power turbine was selected for the recuperative engine design. 

With a turbine inlet temperature of 23000F, the relatively small amount 
of cooling air specified in the contractual agreement for the turbine com- 
ponents suggests the use of a highly sophisticated cooling scheme in 
combination with advanced materials which would allow metal temperature in 
excess of I8000F. Using present materials and convective cooling tech- 
niques, it has been estimated that coolant flow would have to be increased 
by nearly a factor of 3 in order to realize a 1000-hr life from the critical 
rotating components. It is believed that within the projected time period 
to a preflight rating test for the subject engine, a material or materials 
will be developed which will allow use of uncooled stators for the desired 
operating temperature, or at least will allow a considerablö reduction in 
the ainunt of cooling air required. If the stator coolant requirements are 
reduced enough, convective cooling techniques could provide the required 
cooling for the rotor blades with use of the specified total cooling air- 
flow rate. If stater materials, such as silicon nitride and alloys of 
colutnbium, to allow vane temperature to exceed I8000F are not available, 
then no significant reduction in stator cooling requirements would neces- 
sitate using transpiration cooling techniques for some, or possibly all, 
of the cooled components. 
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Th« turblrM fiow-path sizing and stag« work, etc-, were based upon use 
of the specified coolant flow rates atd stage efficiencies. However^ 
because of the uncertainty of the effects of transpiration cooling on the 
aerodynamic characteristics of the turbine stages, the effect of losses due 
to cooling was not considered in the- estimation of the turbine efficiency. 

The calculated total-to-total efficiency of the gas generator turbine, 
with an assumed 0.015-in. radial clearance, was 89.5 percent neglecting 
aerodynamic losses due to cooling. Thi« value is 3.5 percentage points 
higher than the design value; therefore, it is felt that a sophisticated 
cooling technique and/or use of advanced materials would allow a developed 
ax-al gas generator turbine to operate with a tots!-to-total efficiency of 
86 percent. 

Since a two-stage turbine was selected, the aerodynamic design of the 
power turbine is more conservative than that for the gas generator turbine. 
Operating with a 0.015-in. radial clearance, the turbine is estimated to 
have a total-to-total efficiency of 90.5 percent (again neglecting aero- 
dynamic losses due to cooling). The two-stage design has a relatively low 
exit Hach number (0.346), and thus it permits use of an exit diffuser 
haying an effective length of only 3.5 in. Since the coolant flow rate is 
relatively low for this turbine (0.5 percent for the first-stage stator). 
It is felt that no significant problems woufd be encountered in developing 
the turbine to operate at the specified efficiency of 90.0 percent including 
cooling )esses> 

The efficiency estimation for this turbine was based upon counterrotating 
the power turbine in order to keep the power turbine first-stage stator 
turning losses low (since the gas generator turbine runs with 25 to 30 deg 
of counterswirl at the design point)  If counterrotation was not provided, 
a sntui! additional stage loss would be incurred. 

C0HBUST0R DESIGN 

In advanced regenerative engines having high compressor pressure ratios 
and high turbine inlet temperature, flame tube cooling becomes increasingly 
difficult. One partial solution to this problem is to reduce the surface 
area of the sheet metal to be cooled. Reduction of area is accomplished by 
shortening the combustor as much as possible. For this design the end 
result of shortening, traded off against pressure losses and efficiency 
effects, was a re&jc&d volume combustor which fits conveniently into the 
cavity formed betwe?« th"? back face of the centrifugal compressor diffuser 
and the recuperator gas side duct. Although the combustor is relatively 
small, it is still conserv^rive on pressyra loss (which is set by the 
diffuser exit dynamic head) ar<d sbovid have starting capability up to 
33,000-ft altitude. 
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In typical gas turbine engines, most of the hert input to the flame tube 
is from radiation, and 60 psrient of the flame tube cooling is by external- 
forced convection (which effect:vely controls the allowable pressure 
loss). By utilizing a vaponzing, forced recirculation-type combustor 
which operates? with a blue flaiva, radiation is reduced significantly and 
flame tube heating is thereby reduced. Additionally, as discussed above, 
the sheet metal surface was minimised in order to conserve cooling sir. 
The net effect is that flame tube cooling Is not considered to be a signif- 
icant problem in this combusfor desjgn. 

Attainment of an adequate temperature distribution factor, TDF, is 
considered to be the prime development problem with this combustor, where 
TDF is defined as 

T   - T 
TDF - SS& ait 
,y   T  - T. 

av   i n. 

HEAT EXCHANGER DESIGN 

Since a complete section in this report is written specifically on the heat 
exchanger, this section merely outlines overall goals. The fixed boundary 
recuperator (as opposed to the rotary regenerator and liquid-coupled re- 
generator) was chosen because of its simplicity, high reliability, and zero 
leakage, and because much test and fabrication experience has been accumu- 
lated by AiResearch over the last few years. The matrix must be designed 
so that high heat transfer performance is achieved under severe limitations 
of pressure drop, weight, volume, and cost. The recuperator must be inte- 
grated with the engine with careful attention given to efficient diffusion 
of the air and gas streams, and good flow distribution. Material selection 
and mechanical design of the recuperator must be compatible with required 
service life under severe operating conditions of vibration, high tempera- 
ture, and operation in a corrosive hot gas atmosphere. 

MFrHANTnAI AND STRUCTURAL CONSIDERATIONS 

The recuperator shown in the reference engine in Figure 4 is an annular 
design wrapped around the turbomachinery; with this arrangement, the recu- 
perator is considered to be prim» engine structure, thus giving a fully 
integrated, lightweight, compact engine package. With the recuperator being 
fully integrated with the turbomachinery, the need for additional ducting 
to take the air and gas to and from the heat exchanger is eliminated. The 
recuperator as shown is a lightweight tubular design of brazed and welded 
construction. 

This engine design concept divides the components into two basic modules. 
The gas generator assembly, including all accessories, comprises one module. 
The other module integrates the power turbine and recuperator.  Separation 
of these modules is accomplished by removal of bolts from one flange, which 
is located in a plane just aft of the centrifugal compressor. The two 
rotating assemblies are essentially isolated from each other. The only 

15 
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internal merhanicai connection es through a piston-ring seal fcotween the | 
gas-generatoi- turbine shroud and the interstage diffusor duct. TSIüS, 

PKJvcment of the turbine shrouds relative to ti'j biadcs> due to thermal | 
gradients, should be minimized since the shrouds are cantilevared only a 
short distance from their respective turbine housings, and movement of 
structural members is not transmitted from component to component. 

The primary lead path, through which the power turbine bearing housir.g 
is supported^ originates at the flange, passes through the outer plenum, 
and through three struts to the housing. The three struts pass through the 
turbine-to-recuperator duct and through the exnaust annulus« The entire 
assembly of outer shell, struts, turbine-to-recuperator duct, exhaust 
annulus, recuperator core, and bearing housing shell is formed as an inte- 
gral unit by brazing and welding. With the same tool used for separating 
the basic engine modules, this entire recuperator assembly can be quickly 
removed from the power turbine section by the removal of bolts in one flange 
only. Considerable stability is afforded by this recuperator structure, 
and large excursions if  the power turbine bearing housing due to thermal 
gradients are not expected. With the flow paths chosen, the outer shell of 
the assembly operates at the lowest temperature, and it is expected that 
growth of the recuperator due to temperature would bs toward the front of 
the engine. Seals at the forward end of the recuperator which provide 
continuity of flow path between the two basic modules offer compliance to 
allow for this growth. 

The power turbine stators and interstage diffuser are supported by members 
from a flange which is carried off the inner diameter of the turbine-to- 
recuperator duct. 

I 
The output shaft was located at the rear of the engine to obtain a simpli- 
fied shafting and bearing system. By minimizing the shaft dynamics problem 
and, as noted above, by isolating each rotating assembly, it is expected 
that turbine tip clearance may be reduced to a minimum and thus provide 
increased turbine efficiency. 

Accessories are driven from the front end of the gas generator shaft. 
Starter, fuel control, fuel pump, and oil pump are all sized to operate at 
30,000 rpm. A considerable reduction in weight both in the accessories 
and in the accessory drive components is realized by allowing this rela- 
tively high rotative speed. 

No final reduction gearbox has been shown on any of the designs considered 
in this report, and a power turbine shaft output rotational speed of 
40,000 rpm is assumed. 

MATERIALS 

The gas generator turbine design was based upon use of Waspaloy for the 
disc material and MAR-M246 for the blade material, with an electron beam 
weld providing the attachment. 

14 
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Figute 4. Reference Recuperative Engine Configuration A-l, 
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An alternate material conttination which could be considered is AF2-iDA for 
the disk and IN593 for the blades- The tiaterial AF2«I0A is extremely diffi- 
cult to weld without the generation of cracks. Therefore, for this material 
combination, the design would probably require use of a fir tree attachment 
and might require some modifications to the blade design to accommodate the 
attachment. 

If the gas generator turbine stator is assumed to have a cooling scheme 
which will maintain a vane metal temperature of !8000F with the specified 
coolant flow and inlet gas temperatures, one of the foslowing superaiioys 
could be used for vane material; IN738, MAR-M432 or MAR-M509. Stator 
material C3ndidates that would allow the vane temperature to exceed i8000F 
are silicon nitride and alloys of columbium. For the time period being 
considered, it is expected that these materials will be developed suffi- 
ciently to be used for this application. 

The above discussion applied equally to the first-state stator in the 
power turbine. For the second-stage power turbine stator and both power 
turbine rotors, the gas temperature is low enough to permit use of typical 
currently used superaiioys. For this study, it was assumed that the rotors 
were integrally cast of IN100. The second-stage stator could be cast of 
INGO 7I3C. 

Presently available alloys considered for use as combustor liner materials 
include Haste!loy X and Heynes 188. It is believed that alloys of colum- 
bium or silicon nitride could be utilized for advanced designs. 

For the compressor, the following materials are recommended: 

Axial (blade and disc) titanium alloy öAI-AV 

Centrifugal (blades and disc) tiUrnum alloy 6Al-2Sn-42r-2Mo 

In the recuperator analysis a range of high temperature materials were 
evaluated, including 347 stainless steel, Hastelloy X, Incoloy 800, 
Inconel 625, and N-155. 

NQNRECUPERATED ENGINE DESIGN 

To compare recuperative and nonrecuperative engines in the sensitivity 
study, a design of a nonrecuperative engine using the same cycle conditions 
was carried out.  Details of the nonrecuperated engine are shown in Figure 
5. The major design considerations upon which this configuration was based 
are out Iined below: 

The axial plus radial compressor configuration provides the 
required design efficiency in a short package envelope and at 
a relatively low cost. 

17 



2. The revers«-flow annular burner is utilized to reduce cveral! 
length. No penalty in diameter is incurred since the burner 
00 is within the package envelope dictated by the compressor 
diffuser. 

3. A single-stage turbine having relatively high loading is 
utilized for the gas generator turbine. This design provides 
the design efficiency specified and, as studies of highly 
loaded stages have shown, has the design potential of a reduced 
relative gas twaperature and, hence, lower octal testperature 
and reduced coolant flow rates. 

4. A two-stage power turbine was selected to provide the design 
point efficiency and a low-leaving Mach number. 

The nonrecuperative engine is also of modular construction. There is no 
mechanical connection between the gas generator and power turbine rotating 
assemblies, «id these two major subassemblies can be separated by the re- 
moval of bolts from one flange, which is located in a plane directly in 
line with the power turbine first-stage rotor. 

18 
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Figure 5.     Nonrecuperative  Engine Design. 
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CONFIGURATION STUDY 

DEFINITION OF FULLY INTEGRATED CONCEPT 

For industrial applicat ion, some gas turbines are designed for dual operation 
as recuperative or nonrecuperative engines. Provisioning this feature in 
the design usually necessitates some compromise in performance, mechanical 
integrity, and cost, because neither of the variants represent truly optimum 
designs. To date, very few recuperative gas turbines have been utilized for 
aircraft or helicopter propulsion.  In most cases, the engines evaluated 
have been existing gas turbines which were modified to accommodate an exhaust 
heat exchanger. While these engines, with essentially bolt-on recuperators, 
have performed satisfactorily and have demonstrated the structural integrity 
of the heat exchanger, they do not represent optimum designs from the stand- 
points of maximum performance and minimum weight. 

In this study, analytical and design approaches have been made to arrive at 
a truly integrated engine design, not merely arrangements in which the 
recuperator was added to the turbomachinery. In the sizing of the turbo- 
machinery components, several gas flow paths were evaluated and assessed on 
the basis of degree of integration with the recuperator to form an integral 
package. In most of the designs, the recuperator is considered to be prime 
structure and forms the structural backbone of the engine assembly. 

Flow configurations for two types of engine installation were evaluated.  In 
the first installation, the engine assembly is mounted externally, and in 
the second, the engine assembly is internally installed within the vehicle 
structure. The various arrangements shown are conceptual designs only and 
are drawn to show the gas flow paths and how the recuperator is integrated 
with the turbomachinery. In the conceptual designs shown, features such as 
the gearbox, primary seals, bearings, detailed component interfaces, and 
exhaust ducts have not been included. These mechanical aspects associated 
with a truly integrated engine arrangement will be shown later in layouts 
of the selected configurations for each type of installation. 

From the turbomachinery aerodynamic and thermodynamic studies, it was round 
that to achieve the 9:1 compressor pressure ratio at an efficiency of 82 
percent, a single axial and radial stage could be utilized. This arrange- 
ment gives a short axial flow length, and air delivery ducts to the 
recuperator can be integrated with the engine structure by virtue of the 
air exiting from the compressor in a radial direction. To realize the 
gas generator and power turbine efficiencies of 86 percent and 90 percent 
respectively, axial stages are required; one stage is necessary for the gas 
generator turbine and two stages are necessary for the power turbine.  For 
the combustor, straight through flow, reverse-flow annular, radial annular, 
and a centrally located conical arrangement were examined. With the basic 
turbomachinery aerothermodynamic ground rules establishing the number of 
stages, etc, a series of conceptual designs is outlined in which considera- 
tion is given to packaging of the recuperator and rotating components to 
give a compact engine unit. 
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DESIGN CONCEPTS FOR EXTERNAL ENGINE INSTALLATION (A) 

The conceptual designs shown in Figures 6 through 21 illustrate Che gas 
flow paths envisioned for an integral unit; the actual recuperator surface 
geometries for the selected configurations will be evaluated in the para- 
metric study for a wide range of operating conditions. With this type of 
installation, where the engine assembly itself is exposed to external view, 
configurations have been considered in which the recuperator and as much of 
the associated high temperature ducting as possible are effectively hidden 
from view. 

Configuration A-l shown in Figure 6 is a two-pass cross-counterflow design 
with the high pressure compressor discharge air flawing single pass inside 
the tubes and the low pressure turbine exhaust gas flowing two pass across 
the bundle. As for most of the designs shown, plate-fin or finned-tube sur- 
face geometries could also be utilized. The recuperator is effectively 
shrouded by the compressor discharge annulus.  The recuperator is considered 
to be prime engine structure, and this results in a fully integrated, light- 
weight, compact engine package. With the recuperator being fully integrated 
with the turbomachinery, the need for additional ducting to take the air and 
gas to and from the heat exchanger is eliminated. The exhaust gas leaves 
the engine-recuperator structure in an axial direction through an annulus 
at the rear of the engine. The turbomachinery layout is conventional, with 
the power turbine drive shaft at the rear (hot end) of the engine. The gas- 
generator and power turbine drive shaft assemblies are not mechanically 
connected, and the engine can be quickly split into the two basic power 
modules by removing the bolts from one flange only. 

Configuration A-2 shown in Figure 7 is a three-pass cross-counterflow design 
in which the air flows single pass inside the tubes and the gas flows three 
pass across the bundle. To have an effectively shrouded recuperator with 
this flow configuration,  it is necessary to exhaust the gas radially from 
the recuperator by means of a series of radial ports formed through the 
outer air annulus. Locally in the gas exit area, the recuperator matrix 
would be partially exposed. The recuperator is regarded as prime engine 
structure, and this results in a light, compact engine p&ckage. 

Configuration A-3 shewn in Figure 8 is a multipass variant of configuration 
A-I for designs requiring a high level of effectiveness. The multipassing 
on the low pressure gas side implies that the surface geometry compactness 
would have to be fairly low to satisfy the low gas side pressure loss re- 
quirement. The recuperator again is assumed to be prime engine structure. 
The exhaust gas leaves the engine in an axial direction through an annulus 
at the rear of the package. 
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Figure 7. Engine Configuration A-2. 

Figure 8. Engine Configuration A-3. 

Ik 



Configuration A-4 shown in Figure 9 is a two-pass cross-counterflow design 
with the high pressure air flowing two pass inside the tubes and the gas 
flowing single pass across the bundle. The recuperator is considered to be 
prime structure, but additional ducting is required as shown to give a 
design in which the recuperator is effectively hidden from view. The ex- 
haust gas leaves the engine in an axial direction through an annuius at 
the rear of the package. 

Configurations A-5 and A-6 shown in Figures 10 and II respectively are 
both counterflow plate-fin variants. With such a flow configuration, end 
sections are necessary to direct the air and gas to and from the pure 
counterflow portion of the heat exchanger. The conceptual designs show 
typical mitered headering arrangements that can be utilized in a plate-fin 
unit.  The plate-fin variants could be either of modular construction, in 
which a series of elements would be circumferentially positioned around the 
turbomachinery, or a full annular core, in which the matrix would be fab- 
ricated as one assembly.  In either case, the recuperator assembly could 
be considered as prime structure. In both configurations, the exhaust gas 
leaves the engine in an axial direction from the rear of the package. 

Configuration A-7 shown in Figure 12 is a two-pass cross-counterflow design 
with the high pressure compressor discharge air flowing single pass across 
the bundle and the low pressure turbine exhaust gas flowing two pass inside 
the tubes. This flow pattern could also be realized with plate-fin or 
finned-tuhe surface geometries. The recuperator is again assumed to be 
prime engine structure giving an integral engine unit. The exhaust gas 
leaves the engine-recuperator structure in an axial di.-ect!op from the 
rear of the engine. 

Configuration A-8 shown in Figure 13 is an arrangement in which both fluids 
are multipasseü. As drawn, the high pressure air flows three pass outside 
the tubes and the low pressure gas flows two pass inside the tubes to give 
three-pass cross-counter-parallel-flow arrangement. With this design, the 
core could also be constructed from plate-fin or finned-tube surface geom- 
etries. Multipsssing on both sides of the unit necessitates the use of 
low compactness surfaces to satisfy the low pressure loss requirements, and 
this results in a heat exchanger core weight and volume penalty. The ex- 
haust gas leaves the engine in an axial direction from the rear of the 
engine. 

Configuration A-9 shown in Figure 14 is a pure counterflow tubular design 
in which the high pressure air flows inside the tubes. The low pressure 
gas flow- in an axial direction outside the tubes. This design would prob- 
ably have a l^rge volume and weight because of the poor heat transfer 
coefficient associated with ehe axial gas flow outside the tubes. 

Configuration A-IO shown in Figure 15 Is a parallel-flow tubular design 
in which the high pressure air flows insi^. the tubes.  The low pressure 
gas flows in an axial direction and leaves the core radially in a series 
of ports formed in the air delivery annulus. Thermodynamically, the 
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Figure 9.  Engine Configuration A-4. 

Figure 10.  Engine Configuration A-5- 
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Figure II. Engine Configuration A-6. 

outlet 

Figure !2. Engine Configuration A-7. 
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Figure 13. Engine Configuration A-8. 

Figure 14.  Engine Configuration A-9. 
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flow path is poor, since with a capacit' rate ratio close to unity, the 
maximum attainable effectiveness for parallel flow is only SO percent. 

■ 

I 
Configuration A-11 shown in Figure 16 is a two-pass cross-counterflow 
design in which the recuperator is mounted on the back of the engine. The        I 
high pressure air, which is delivered to the recuperator through a long 
annulus, flows two pass outside the tubes. The low pressure gas flows 
straight through the tubes and exits in an axial direction. In this design, 
the recuperator is added to the turbomachinery rather than being fully in- 
tegrated at the design stage. | 

Configuration A-12 shown in Figure 17 is a counterflow plate-fin variant 
of A-ll and is drawn to show the end section arrangement necessary to 
duct the air and gas to and from the pure counterflow portion of the heat 
exchanger. 

i 

Configuration A-13 shown in Figure 18 is a two-pass cross-counterflow 
design with the recuperator located at the rear of the engine. The air 
flows single pass inside the tubes and the gas flows two pass outside 
the bundle. The gas flows from the recuperator in a radial inward direc- 
tion, and some ducting is necessary to turn the exhaust gas in an axial 
direction. 

Configuration A-14 shown in Figure 19 is a variation of the previous design 
with three passes on the air side and two passes on the ,as side. Like 
Configuration A-8, multipassing on both sides of the heav exchanger results 
in a unit of increased volume and weight, because of the necessary utiliza- 
tion of low compactness surfaces to satisfy the low pressure loss 
requirements. 

Configuration A-15 shown in Figure 20 is a three-pass cross-counterflow 
design with the high pressure air flowing three pass across the bundle 
and the low pressure gas flowing single pass inside the tubes. This design 
is integrated with a modified turbomachinery arrangement in which the 
number of compressor and turbine stages remains the same, but a rear 
mounted combustor is utilized. With this arrangement, the power turbine 
is interposed between the compressor and the gas-generator turbine; thus, 
the output shaft centerline must be offset from the center!ine cf the 
rotating assembly. This could be accomplished as shown by incorporating 
a reduction gear in the drive, and this necessitates taking the output 
shaft through the compressor diffuser passage. 

Configuration A-16 shown in Figure 21 is a three-pass cross-counterflow 
design with the high pressure air flowing single pass across the bundle 
and the low pressure gas flowing three pass inside the tubes. As in the 
former arrangement, the gas exhausts from the recuperator in an axial 
direct ion. 
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Figure 18.  Engine Configuration A-!3. 

Figure 19. Engine Configuration A-U. 
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Figure 20. Engine Configuration A-15. 

Figure 2i.  Engine Configuration A-16. 
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DESIGK CONCEPTS FOR HffgRNAL ENGINE INSTALLATION (B) 

The conceptual designs shown in Figures 22 through 31 illustrate the gas 
flow paths envisaged for an Integral unit; the actual recuperator surface 
geometries for the selected configurations will be evaluated in the para- 
metric study. With this type of installation, the engine assembly is 
physically hidden from external view by aircraft structure. 

Configuration B-l shown in Figure 22 is a two-pass cross-counterflow 
arrangement^ and as drawn, shows the single-pass high pressure air inside 
the tubes and the two-pass low pressure gas outside the tubes. As for 
most of the designs shown, plate-fin or finned-tube surface geometries could 
also be utilized. The recuperator is considered to be prime engine package. 
The exhaust gas exits from the recuperator tube bundle in a radial direc- 
tion. As for the previous designs in which the recuperator was wrapped 
around the rotating components, the turbomachinery layout is conventional, 
and the engine can be quickly split into the two basic power modules. 

Configuration B-2 shown in Figure 23 is a two-pass cross-counterflow design 
with the high pressure compressor discharge air flowing two pass inside the 
tubes and the low pressure turbine exhaust gas flowing single pass outside 
the tube bundle. This flow pattern could also be realized with plate-fin 
or finned-tube surface geometries. The recuperator is again assumed to be 
prime engine structure giving an integral engine unit. The exhaust gas 
exits from the recuperator in a radial direction. 

Configuration B-3 shown in Figure 24 is an arrangement in which both fluids 
are multtpass^d. The low pressure gas flows three pass outside the tubes, 
and the high pressure air flows two pass inside the tubes. Multipassing on 
both sides of the unit necessitates the use of low compactness surfaces to 
satisfy the low pressure loss requirements, and this results in a heat ex- 
changer core weight and volume penalty. The exhaust gas exits from the 
recuperator in a radial direction. 

Configuration B-4 shown in Figure 25 is a two-pass cross-counterflow design 
in which the low pressure gas flow? single pass inside the tubes and the 
high pressure air flows two pass across the tube bundle. The exhaust gas 
exits from the front of the engine in an axial direction. 

Configuration B-5 shown in Figure 26 is a pure counterflow tubular design 
in which the low pressure gas flows inside the tubes. The high pressure 
air flows in an axial direction outside the tubes. To fully utilize the 
annular envelope available for the heat exchanger, the tubes are radiused 
at the ends to form the headers. This type of design would probably have 
a large volume and weight because of the poor heat transfer coefficient 
associated with the <-   ?al airflow outside the tubes. 
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Figure 22. Engine Configuration B-l. 
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Figure 23.    Engine Configuration B-2. 

Sas 
outlet 

Figure 24.  Engine Configuration B-3. 
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Figure 25. Engine Configuration B-4. 

Figure 26.  Engine Configuration B-5. 
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Configuration B-6 shown in KJgure 27 is a tubular design in which the high 
pressure air flows two pass intide the tubes and the low pressure gas flows 
in an axia' direction outside the tubes. The design is poor from the heat 
transfer standpoint because of the cross-counterflow-parallel-flow configura- 
tion, together with the low heat transfer coefficient for axial flow outside 
the tubes. 

Configuration B-7 shown in Figure 28 is a three-pass cross-counterflow 
design with the high pressure ?ir flowing single psss through the tubes and 
the low pressure gas flowing three pass across the üiindle.  For this type 
ot turbomachinery arrangement, a concentric shaft system is utilized, and 
this rtcessitates an offset drive through the compressor diffuser. The 
txhaust gas exits from the recuperator in a  radial direction as shown. 

Configuration 8-3 shown in Figure 29 is a three-pass cross-counterflow design 
with the hinh pressure air flowing three pass inside the tubes and the low 
pressure exhaust gas flowing radially outward across the tube hunJle. 

Configuration B-9 shown in Figure 30 is a three-pass coss-parallel-flow 
design with the high pressure air flowing single pass inside the tubes and 
the exhaust gas flowing three pasi across the tube bundle. Thermodynamically, 
the cross-parallel-flow arrangement is poor, and with capacity rate ratios 
in the order of yrlty, only very low effectiveness levels are attainable. 

Configuration 8-10 shown in Figure 31 represents a radical change in turbo- 
machinery gas flow path compared with all of the above designs. During 
the configuration study, no restrictions were placed on the designer as 
regards engine package shape and drive shaft arrangement, although the 
basic number of compressor and turbine stages and their respective position 
in the air f«ow path through the engine were adhered to.  This gas turbine, 
perhaps not practical for airborne application, is included to illustrate 
that radical approaches were considered to try to establish engine con- 
figurations to satisfy the problem statement.  In this design the gas- 
generator and power turbine spools are at 90 deg to each other, and a two- 
pass cross-counierflow recuperator is utilized. With this design, cross- 
over ducting between the turbines is necessary in addition to ♦'he ducting 
required to take the air and gas to and from the recuperator, so that this 
arrangciTient does not represent a truly integrated design. With the turbine 
shafting arrangement as shown, extreme care in the mechanical design would 
be necessary to avoid mechanical problems resulting from the thermal 
gradients likely to be experienced in such an engine with an unsymmetrical 
structure. The engine consists essentially of three basic modules:  the 
gas-generator section, the power turbine section and the recuperator 
assembly. 

Some of the above designs are not practical from the heat transfer and 
structural standpoints, but they have been included as a part of the over- 
all configuration study aimed at selecting two configurations for each 
type of engine installation.  Summaries of the above designs for the two 
types of installation are given in Tables V and VI. 
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Figure 29.  Engine Configuration B-8. 

Figure 30.  Engine Configuration B-9. 
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TABLE V. RELATIVE COMPARISON OF REC 
FOR EXTERNAL INSTALLATION 

UPZRATIVE EHGINr VARIANTS 

Engine 
Configuration 

Recuperator 
Flow Configurat ion 

Heat 
Transfer 
Aspects 

Structural 
Aspects 

Ci's Flow 
.'atr- 

Oeg ree •'r 
Integrat ion 
with Engine 

A-i Two-pas.s cross- 
counterflow 

Good Good Gcod Good 

Ä-2 Three-pass cross- 
counterflow 

Good Good Good Good 

A-3 Four-pass cross- 
counterflow 

Fair Good Fair Good 

A-4 Two-pass cross- 
counterflow 

Good Fa i r Poor Poor 

Ä-5 Counterflow Good Good Good Good 

A-6 C)unterf low Good Good Good Good 

A-7 Two-pass cross- 
counterflow 

Fair Poor Good Good 

Ä-S Folded three- 
pass crossflow 

Poor Poor Poor Fair 

A-9 Counterflow Poor Fair Fai r Fair 

A-10 Parallel flow Poor Fa i r Poor Fai r 

A-11 Two-pass cross 
counterflow 

Fair Poor Poor Poor 

A-12 Counterflow Good Poor Poor Poor 

A-13 Two-pass cross- 
counterflow 

Fair Poor Poor Foor 

A-U Folded three-pass 
Ciossflow 

Poor Poor Poor Poor 

A-15 Three-pass cross- 
counterflow 

Poor Poor Poor Fair 

A-16 Three-pass cross- 
counterflow 

Poor Poor Poor Poor 
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TASLE VI,  RELATIVE COMPARISON OF »5^, ^". tJh  EHGINE VARIANTS 
FOR INTERNAL INSTALLATION 

tZ.JZ 
Heat Degree of 

Ingine        Recuperator     Transfer  Structural  Gas Flow  Integration 
,Cg?.f j-a-^jl'ation  Flow Configuration  Aspects    Aspects Path with Engine 

8-1 

6-2 

Two-pass cross-     Good      Goo^' 
counterflow 

Two-pass cross-     Good      Good 
counterfiow 

Good 

Good 

Good 

Good 

B-3 Fo'.i'ed three-pass 
croLsflow 

Poor Poor Poor Fair 

B-i Two-pass cross- 
counterflow 

Fair Poor Good Good 

B-5 Coi nterf iow Poor Poor Poor Fair 

B-6 Two-pass cross- 
counterflow 

Poor Fair Fair Fair 

B-7 Three-pass cross- 
counterfiow 

Good Fair Poor Poor 

B-8 Three-pass cross- 
counterflow 

Good Fair Fai r Poor 

6-9 Three-pass cross- 
par»! !«1 flow 

Poor Fair Poor Poor 

B-10      Two-pass cross- 
counterflow 

Fair Fai r Pcor Poor 
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SELECTION OF TWO CONFISURATJOriS FOR EXTERNAL IMSTAUATiy 

In studying the va'-ious configurations, the most af.roct (v«i irit^gratec* con- 
cept appears to be an annuiuar recuperator wrapped arou.ij the turbCtnarliinery 
to give a compact package.  This concept is structurally desirable in that 
the recuperator and turbine exit diffuses can be formerf ^3 cv? unit, ard any 
axial or radial forces (either pressure or thermal) can LT acf^/mmodated 
satisfactorily. Adding the recuperator to the back of the engine^ or 
uti'izing a side-mounted module, necessitates extra dueling and suppevticsg 
jtruct'jre and results in heavier weight arrangements that cannot b« regarded 
es truly integrated designs. 

In the configurations with the rear-mounted conical combustor, the power 
turbine is interposed between the compressor and the gas-generator turbine 
and the output shaft centerline must be offset from the centerline of the 
rotating assembly.  The offset shaft could be replaced with a reftr drive 
b/ placing the power turbine upstream of the gas-generator turbine.  However^, 
with this arrangement it is questionable whether the design values of 
turbine efficiency could be realized, and part-load performance would bs 
jeopardized because of swirl in the interstage diffuser. 

In the bulk of the configurations examined, the turbine output shaft was 
iocated at the rear of the engine to obtain a simplified shafting and bear- 
ing system.  By minimizing the shaft dynamics problem, and by isolating the 
gas-generator and power-turbine rotating assemblies, it is expected that 
turbine tip clearance can be kept to a minimum and thus a high level of 
turbine efficiency can be ensured. 

In reviewing the 16 conceptual designs summarized in Table V, configurations 
A-l, A-2, A-5 and A-6 satisfy the design goals of astablishing a compact, 
integrated engine unit.  In these configurations, the proposed engine design 
concept divides the components into two basic modules. 

Configuration A-l 

As outlined in the engine performance section of this report, a design 
was carried out for an engine with a recuperator effectiveness and pressure 
loss of 0.65 and 6 percent respectively. The flow paths chosen for this 
reference engine design correspond to configuration A-l, and details of the 
engine design were shown in Figure 4.  The tubular recuperator shown is a 
two-pass cross-counterflow design with the high pressure air flowing single 
pass inside the tubes and the low pressure gas flowing two pass across the 
bundle. The recuperator could be designed with tubular, finned-tube, or 
plate-fin surface geometries.  The high pressure air delivery to the recu- 
perator is hy means of an annul us at the engine outer diameter, and this 
provides a pressure vessel, which, in conjunction with the annular recupera- 
tor assembly and power turbine diffuser duct, forms a structure from which 
the power turbine bearing housing is supported.  The exhaust gas exits from 
the engine in an axial directioi through an annul us formed by the turbine 
diffuser and a flange on the recuperator assembly inner diameter.  With the 
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power turbine shdtt drive at the rear of the engine, the exhaust ga^j must 
be col'ected ;n an annuiar voiute for final discharge to ambient conditions 
through a single circular or rectangular exhaust duct. No ue:5ils of the 
final reduction gearbox have been shown on any of the engineering layouts 
presented in this report. 

Configuration A-2 

Details of engine configuration A-2 are shown in Figure 32.  To compare 
engine size with that of configuration A-l, the recuperator has again been 
sized for the reference engine value of effectiveness and pressure loss 
(i.e., 0.65 and 6 percent respectively). The tubular recuperator shown is 
a three-pass cross-counterflow design with the high pressure air flowing 
single pass inside the tubes and the low pressure gas flowing three pass 
across the bundle.  The recuperator could be designed and built from tubu- 
lar, finned-tube, or plate-fin type surface geometry. As for the A-l design, 
an outer annulus, which is an integral part of the engine structure, is used 
to deliver air from the compressor d;ccharge to the recuperator inlet. This 
pressure vessel, in conjunction with the annular recuperator assembly and 
power turbine diffuser, forms a structure which supports the power turbine 
bearing housing. The exhaust gas exits from the recuperator through a 
series of radial ducts fabricated within the air delivery annulus. The 
geometry of these ducts would be optimized to give minimum flow area block- 
age within the air delivery annulus. After exiting from the recuperator, 
the exhaust gas is collected in an annular scroll for final discharge to 
ambient conditions through a single circular or rectangular exhaust duct. 

Configurations A-5 and A-6 

Details of engine configurations A-5 and A-6 are shown in Figures 10 and II. 
The two designs are both pure counterflow variants and differ only as 
regards the flow pattern in the mitered end sections.  Unlike configurations 
A-l and A-2, which could be designed and built from tubular, finned-tube, or 
plate-fin type surface geometry, configurations A-5 and A-6 are limited to 
plate-fin construction only.  With this limiting feature, it is concluded 
that configurations A-l and A-2 are the most attractive for the external 
engine installation. 

SELECTION OF TWO CONFIGURATIONS FOR INTERNAL INSTALLATION 

As for the external installation, the most attractive concept to achieve the 
desired goal of a fully integrated, compact, lightweight package appears to 
be an annular recuperator wrapped around the turbomachinery.  Since the same 
basic turbomachinery arrangement is utilired, the various comments given in 
the previous section on mechanical aspects and engine modulization for the 
external installations also apply to the selected internal installations. 
In reviewing the ten conceptual designs summarized in Table VI, configura- 
tionsB-1  and B-2 satisfy the design goals of establishing a compact, 
integrated, Iightweight engine unit. 
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Figure 32. Engine Configuration A-2. 
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Configuration B-l 

Details of engine configuration B-I arc  i'.wn in Figure 33.  To compare 
engine size with the sizes of the other cc"f i guration?; the r*'cup?rat.,r 
has been sized for the reference engine value of effectiveness and pressure 
loss (i.e., 0.65 and 6 percent respectively). The tubular recuperator 
shown is a two-pass cross-counterflow design with the high pressure air 
flowing single pass inside the tubes and the low pressure gas flowing three 
pass across the bundle. Thermodynamically, the basic flow path is the same 
as for  the A-I engine configuration. The recuperator could be designed and 
built from tubular, finned-tube, or plate-fin type surface geometry. After 
leaving the compressor diffuser, the air flows directly into the recuperator 
core and passes through the tubes in a single pass. After leaving the 
recuperator core, the air is turned through 180 deg in a duct formed by the 
turbine exit diffuser assembly. The power turbine stators are supported 
by two nembers which are bolted to a flange on the recuperator inner duct- 
ing.  Elliptical ports are formed in these members to allow the heated air 
from the recuperator to flow back into the combustor. Additional seals are 
required after each of the power turbine stages to prevent the leakage of 
high pressure air directly into the turbine duct. The power turbine bear- 
ing housing is supported by a structure formed from the turbine exit dif- 
fuser, connected through a series of struts to the recuperator inner diam- 
eter. After exiting from the recuperator, the exhaust gas is collected in 
an annular scroll for final discharge to ambient conditions through a 
single circular or rectangular exhaust duct. 

Configuration B-2 

Details of engine configuration B-2 are shown in Figure 3A. To compare 
engine size with that of configuration B-i, the recuperator has been 
sized for the reference engine value of effectiveness and pressure loss 
(i.e., 0.65 and 6 percent respectively). The tubular recuperator shown 
is a two-pass v oss-counterflow design, with the high pressure air flowing 
two pass inside the tubes and the low pressure gas flowing single pass 
across the bundle. The high pressure, low temperature air flows toward 
the rear of the engine in the outer pass of the annuier tube bundle. A 
simple turnaround pan is used to turn the air back through 180 deg into 
the second pass of the recuperator. The recuperator could be designed and 
built from tubular, finned-tube, or plate-fin type surface geometry. The 
power turbine stators are supported by two structural members which are 
bolted to a flange on the recuperator assembly. The power turbine bearing 
housing is supported by a structure formed from the turbine exit diffuser, 
connected through a series of struts to the recuperator assembly.  After 
exiting from the recuperator, the exhaust gas is collected in an annular 
scroll for final discharg3 to ambient conditions through a sincle circular 
or rectangular exhaust duct. 

SUMMARY OF CONFIGURATION STUDY 

The same basic turbomachinery elements have been used in each of the four 
recuperative engine configuratiorts chosen. A direct size comparison of the 
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four designs can be made since the recuperators were a!! sized for the same 
effectiveness and pressure loss anj thus have the same power and specific 
fuel consumption. 

In all four cases, the output shaft was located at the rear of the engine 
to obtain a simplified bearing system, consistent with the goal of estab- 
lishing a series of truly integrated turbomachinery-recuperator engine 
designs. In each case, the accessories are driven from the front end of 
the gas generator shaft. Starter, fuel control, fuel pump, and oil pump 
are all sized to operate at 30,000 rpm. A considerable reduction in weight 
is realized both in the accessories and in the accessory drive components 
by allowing this relatively high rotative speed. 

In each of the configurations selected, the simplicity of engine disassembly 
has been emphasized, particularly the fact that the gas-generator and power 
turbine sections can be separated by the removal of bolts from one flange 
only. The recuperator assembly can then be rapidly separated from the 
power turbine assembly. With the recuperator wrapped around the turbo- 
machinery to give a compact, integral unit, additional secondary benefits 
can be realized. One bullet could severely damage a simple cycle engine, 
but the heat exchanged variant is less vulnerable because the recuperator 
protects the rotating components; even with local damage in the matrix, 
resulting in loss of performance, the helicopter could still fly back to 
base. With the configurations proposed, the heat exchanger will provide 
turbine self-containment and should reduce the noise level compared with 
existing designs. 
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RECUPERATOR PARAMETRIC STUDY 

ENGIHE CYCLE DATA 

Data generated during the engine performance calculations were used in the 
recuperator analysis. The mass flow rates used in the turbine and recuper- 
ator analysis are given below: 

Compressor discharge flow 

Turbine nozzle and blade 
cooling airflow 

Leakage at compressor exit 

Recuperator inlet (cold side) 

Gas generator turbine inlet 

Power turbine inlet 

Recuperator inlet (hot side) 

5.00 lb/sec 

3.556 

I.556 

5.0      (1.5^ W.   + 3.556 Wj = 
4.75  lb/sec    L L 

4.75 + (256 WF) = 4.83 lb/sec 

4.85 = (356 W. reentered) = 
5.00 lb/sec t 

5.00 ib/sec 

Temperature and pressure data used in the recuperator parametric study are 
given in Table VII. Based on the reference engine conditions, with an ef- 
fectiveness and pressure loss of 0.65 and 6 percent respectively, an engine 
fuel/air ratio of 0.02 was computed. Throughout the study, the fluid prop- 
erties on the recuperator gas side were taken to be those associated with 
the 0.02 fuel/air ratio value. 

In the recuperator analysis, account was taken of the pressure loss in the 
ducting of the air and gas to and from the recuperator core faces. The 
recuperator pressure loss values quoted throughout the study refer to the 

total loss associated with the core and ducts. An air side pressure loss 
from the compressor diffuser exit to the recuperator air inlet face of 
0.25 percent was assumed. A gas side pressure loss from the recuperator 
outlet face to the engine exhaust outlet of 0.50 percent was assumed.  In 
the engine cycle analysis, a gas side pressure loss from the power turbine 
exit to the recuperator gas inlet face of 4.0 percent was assumed, but 
this is not included as a part of the recuperator pressure loss. With the 
inte_ Jted recuperator concept, no additional ducting ;s required from the 
recuperator air side exit to the combustor inlet; thus, no pressure loss 
is assumed to occur between these stations. 
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RANGE OF VARIABLES USED IN ANALYSIS 

In the heat transfer aria lysis, the following range of recuperator parameters 
was evaluated: 

Effectiveness, e 0.40, 0.50, 0.60, 0.65, 
0.70, 0.Ö0, 0.90 

Pressure Loss (AP/P), $ 2.0, 4.0, 6.0, 8.0, ;0.G 

The recuperator effectiveness is defined as 

e = [
W,C

P| AIR jT0uT " TIN)AIR 

^W'V MIN ^TIN GAS " TIN AIR^ 

where    W = MPSS flow rate 

Cp = Specific heat 

T = Total temperature 

The recuperator pressure loss (AP/P) is defined as 
&P       AP 

f AP ) = (—A1-*) + (GAS ) 
P    P P 

AIR IN     GAS OUT 

where the air side and gas side pressure losses include those incurred in 
the heat exchanger ducting as well as in the matrix. 

Another variable considered in the heat exchanger analysis was the effect 

of the recuperator pressure loss spl it (AP/P)GAS'
/
(
A
P/P)AIR-  

For each Sl^ace 

geometry examined, a series of solutions was run to find the pressure loss 
split that gave a minimum weight recuperator core. The following range of 
pressure loss splits was considered: 

Pressure Loss Split (^P/P^/^P/P).,,^ 90/10, 80/20, 70/30 
GAS     AIR 60/40; 50/50, 40/60 

For each combination of effectiveness and pressure loss, the corresponding 
fluid temperatures and pressures from Table VII were factored into the 
recuperator analysis. 

FLOW CONFIGURATIONS EVALUATED 

Fc  the configuration study, it was concluded that the most attractive engine 
arrangements from the standpoint of minimum envelope volume could be realized 
by wrapping the recuperator around the turbomachinery  in such a manner that 
the heat exchanger becomes a part of the engine prime structure. With this 
integrated concept, there is still a decree of freedom as regards recuperator 
internal flew configuration. 

57 



From the tubular core geometries, two-, three-, and four-pass cross- 
counter^ low arrangements were examined and consideration was given to both 
the air and the gas as the multipass fluid. A skiiiar analysis was 
carried out for the ftnned-tube core geoiretries. 

For the plate-fin core geometries, a counterfiow arrangement was examined 
In addition to th» two-, three-, and four-pass cross-counterflow configura- 
tions. Kultipassing the gas side only was considered for the plate-fin 
crü:;s-counterflow cases. 

PJBULAR SURFACE GEOMETRY EVALUATION 

For the effectiveness and pressure loss range outlined above, a variety of 
tubular svrfanc.  geometries of the type shown in Figure 35a was ccnsldered 
in the recuperator parametric study. The follcwing variables have beon 
used ii> the «naiysis. 

Flow Cont'iqurat;ons 

Twc-pass cross-i.oynterflow (AIT* on  pass, EOT** two pass) 

Two-pass crcs^-couiitc-f iow (AIT two pass, EOT one pass) 

Thrsa-pass crois-counterflow (AIT one pass, EOT throe pass) 

Four p&ss cross-countcrflow (AIT one pass, EOT four pats) 

*Air inside tube 

**Exhaust outside tube 

All four engine configuration»; choFen ha*'e the high pressure air inside 
the tubes and the exhaust gas outside the tubes. This arrangement results 
in lightweight designs, since the inside Reynoios number is in a range 
where ring-dimpling of the tube wall provides ün effective means of 
increasing the inside heat transfer coefficient.  Since the exhaust gas is 
the Sower pressure fluid, lighter weight recuperators generally result with 
the exhaust gas outside the tubes because, in add.ton to the above heat 
transfer considerations, the shell wsight will be lower end the ti;bes will 
have thinner walls when loaded in tension with internal pressure than 
when loaded in compression with external pressure. 

Tube Si:es 

A fairly wide range of tube diameters has been considered as outlined below. 

Tube outer diameter, 0.075, 0.10, 0.125, 0.15, 0.20, 0.25 in. 

Tube wall thickness of 0.004 In. was used in heat transfer analysis 
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High pressure 
compressor dis- 
charge air 
inside tubes 

Low pressure turbine 
er.haust gas outside 
pla:n tubes 

Plain tube surface 
cjeometry 

High pressure 
compressor dis- 
charge ai r 
inside tubes 
wi th plain insert 

Low pressura turbine 
exhaust gas outside 
■Tinned tubes 

b.1  Disc t'i.-.ned-tube 
surface geometry 

secondary surface 
brazed to tube body 

Low pressure turbine 
exhaust gas 

High pressure 
compressor dis- 
charge ai r 

c)     Plate-fin surface 
geometry 

Corrugated fin 
secondary  surface 

Tube plate to separate 
fluid streams 

Sealing spacer bars 
(matrr\ assembly of 
furnace  brazed 
construction) 

Figure 35.     Typical   Recuperator Surface Geometries 
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In trie range of thicknesses being considered (0.C035 - 0.006 ir.}, the 
effect of tube wall thickness on matrix volume for a tubular do^sign is 
insignificant, but the effect on weight and cost is important; this 
will be discussed in a later section when optimum solutions have been 
estab 11shed. 

Tube Inside Surface Geometry 

To achieve a balance of heat transfer conductances between inside and out- 
side tubular surfaces, some form of internal turbulator is usually employed, 
since the heat transfer coefficient for flow inside plain (ncnturbulsted) 
tubes is several times less than the coefficient for flow outside an 
optimized tube bundle. Ths best tyoe of internal turbulator, (one ^hat 
maximizes the ratio of heat transfer conductance to fluid pumping power) 
was found to be ring-dimpling of the tube wa!'.  This was determined during 
a previous program in which extensive heat transfar and pras?ure loss tests 
were conducted for a number of tube surfaces of the type shown in Figure 36, 
including smooth, ring-dimpled, venturi-shaped ring-dimpied, roughened 
ring-dimpled, knurled, locally (spot) dimpled (spiral and ring) spiral- 
dimpled, external (outward) rirrg-dimpled, and others. The results of these 
tests were compared on the basis of thermal conductance versus friction 
power. The use of an internal strip turbulator is also a possibility but 
is advantageous only for Reynolds numbers below about 1500, where tube 
wall dimpling is ineffeciive in promoting turbulence. 

AiResearch bases its dimpled tube design data on the heat transfer and 
pressure loss tests mentioned above. These tests were conducted over a 
Reynolds number range from 1,000 to 40,000 for a wide range of tube and 
dimple geometries. The results are correlated with a single geometry 
parameter, involving dimple depth, dimple spacing, and tube diameter, so 
that the friction factor and Col burn modulus for flow in dimpled tubes are 
obtained as a function of the Reynolds number and if only. Details of the 
ring dimple geometry used in the tubular recuperator analysis are shown in 
Figure 37a.   Values of the dimple parameter ^ used in the analysis are 
given below. 

Dimple Parameter f 0 (plain tube) 0.02, 0,04, 0.06, 0.08 

Dimple Parameter defined as - {h/d) sf s/d 

where   6 - dimple depth 

d = tube inner diameter 

s = dimple pitch 
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Tv-1 

KNl ITKi. 

(a)     Ring-dimpled 

(b)     Venturi-dimpled 

(c)     Roughened ring-dinipled 

(d)   Knurlad 

mLaäH ii    ^i 

WQT 

(e)  5?ot-dimpied (ring) 

'D     "      0 o - o     , ♦ \ 
i 

(f)     Spot-diriplad  (spiral) 

fj)     Spiral-dimpled 

(h)   Lxiernal   ring-dimpled 

Figure 36.  Tube Dimple Geometries. 



OInpt« parameter    ^ * (6/6)  /ys/d 

•Ei !UU ^oc Tube 

-■er--—  

5 : Simple depth 
d - Tube Inside diameter 

d = Tube outside diameter 
o 
S • Dimple pitch 
t = Wall thickness 
<■ = Tool radius 

a) Ring dimple tube geometry 

X_ x d ins T   o X x d_ ins 
i   o 

X, x d ins 
L   O X x d Ins 

L   O 

In-line tube bundle (IB) Staggered tube bundle (SB) 

d   = Tube outside diameter o 
X    = Transverse pitch as defined In sketch 

X    » longitudinal  pitch as defined  in sketch 

Terminology used in recuperator parametric study Is Illustrated by the four following examples: 

SB 900100    -    Staggerec! tube bundle X    = 3.00,  X    * 1.00 

IB 200125    -    In-line bundle XT = 2.00,  X    =  1.25 

PLMTD - Plain tube diameter 

OMP - Dinple 

b) Tube outside surface geometries 

Figure ^7.     "lain Tube Surface Geometries. 

62 



Outside Tube Geometries 

Both staggered tube and irt-lin« tube arrangements have been considered (n 
the analysis, and details of the tube patterns are shown in Figure 37b. 
In the analysis the following values of longitudinal and transverse tube 
pitches were used: 

Longitudinal tube pitch X. = 1.00 (staggered tube rows) 

Longitudinal tube pitch X = 1.24, 1.25, 2.00 (in line tubes) 

Transverse tube pitch X- = 1.50, 1.70, 2.00, 2.40, 2.70, 3.0 
(staggered tube rows) 

Transverse tube pitch XT = 1.24, U50, 2.00 (in line tubes) 

Heat transfer and pressure drop performance for flow outside of staggered 
and in-line tube matrices is based on AiResearch test data compiled on a 
series of close-packed cores in conjunction with data available from the 
literature, for several other matrix geometries.  Considerations of geo- 
metric and dynamic similarity allow these data to be applied to a wide 
range of staggered and in—line tube geometries. 

For each of the four engine configurations, extensive use was made of a 
computer program written for designing multipass tubular heat exchangers. 
In this program multipass cross-counterflow and multipass cross-parallel 
flow, tubular two-fluid heat exchangers are defined by an iteration pro- 
cedure. Any fluid combination of liquids and gases can be utilized. The 
friction factor and Colburn modulus data for both inside and outside tubes 
are available in the form of Lagrangian tables. The outside of the tubes 
can either be plain or have circular disc fins or continuous-strip fins. 
The inside of the tubes can be plain,dimpled, or have internal fins or 
turbulators.  Input parameters required include effectiveness, pressure 
drop, inlet temperatures and pressures, and the weight flow rate of the 
two fluids.  Fluid properties, with the exception of the specific heats 
in the heat balance calculation, are evaluated at average film temperature. 
Core fluid velocity is evaluated at the bulk average temperature. Allow- 
ances for shock and tunvng losses are made as specified multiples of the 
core velocity head. Momentum pressure losses associated with change of 
flow area from the ducts to the heat exchanger face are also calculated. Gas._ 
density is calculated on the basis of the perfect gas law and compressibility 
factors are used. Multipassing can be accomplished either inside or out- 
side of the tubes.  Surface input information required includes the tube 
diameter, the internal surface (dimple detail, etc),   the transverse and 
longitudinal tube pitch, all material thicknesses, the number of passes, 
tube material density and thermal conductivity, and the tube bundle 
configuration. 

The important outputs from the program include tube bundle inner and outer 
diameters, tube number, tube length, and tube weight.  Naturally all of the 
combinations of surface geometries did not give practical heat exchanger 
sizes and weights.  From the thousands of computer solutions generated for 
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«fleh engine configuration, a series of designs was selected and the data 
plotted. The initial analysis was aimed at establishing the optimum re- 
cuperator pressure loss split to give minimum weight solutions. Engine 
configurations Ä-1 and B-l have identical recuperator flow paths (i.e.. 
AIT one pass and EOT two pass), and a survey of the effect of pressure loss 
split on tube weight over a range of effectiveness and pressure loss for 
these configurations is shown in Figure 38. At the high levels of effec- 
tiveness, with a low pressure loss allowance, the tube weight is quite 
sensitive to the recuperator pressure loss split. At the low levels of 
effectiveness, the pressure loss split has a very small effect on tube 
weight.  From this curve array, it has been concluded that practical designs 
close to minimum weight could be achieved with a recuperator pressure loss 
split (AP/P)GAS/(AP/P)AIR of 60/40 [i.e., (AP/P^ = 1.5 (Ap/p)^]. This 

value has been used throughout the tubular recuperator study 

During the initial analysis,it was observed that the core sizes and weights 
at tJie 90 percent effectiveness level were excessively large. Even with 
the smallest hydraulic diameter surfaces and most compact tube spacings 
considered in this study, the minimum core weights were still in the order 
of hundreds of pounds, and the tube bundle dimensions were large and in- 
compatible with the turbomachinery.  For realistic designs, an upper limit 
on effectiveness of 80 percent has been used on the graphical plots, 
although computer solutions up to the 90 percent effectiveness level were 
obtained as a part of the parametric study. 

For the A-I and B-l configurations, which thermodynamically have the same 
flow pattern, staggered tube patterns were used and both two-pass and four- 
pass cross-counterflow arrangements were evaluated with the compressor 
discherge air a« the single-pass fluid and the turbine exhaust gas as the 
multipass fluid. With the four-pass cross-counterflow arrangements, it 
was found that less compact surfaces had to be utilized because of the 
small pressure loss allowance; this resulted in a weight and volume penalty 
compared with the two-pass arrangements. At the 90 percent effectiveness 
level, the four-pass designs showed smaller core sizes and weights, but 
the units were extremely large and incompatible with the turbomachinery. 
In the graphical presentation of the recuperator parametric data, only the 
two-pass cross-counterflow solutions are shown.  The salient core d.mensions 
for a series of selected staggered tube surface geometries are shown in 
Figure 39. The selected designs for the B-l and A-i engine configurations 
at the reference engine conditions (effectiveness = 0.65 and pressure 
loss = 6 percent) are shown respectively on pages 71 and 73. 

The design of the A-2 configuration is based on a three-pafs cross- 
counterflow arrangement; to achieve minimum weight solutions that were 
compatible with the turbomachinery, it was necessary to utilize in-line 

tube patterns. The heat transfer characteristics of this tube pattern are 
inferior to those associated with the staggered tube bundle, but the in- 
herently lower friction factor means that the surface compactness of the 
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in-line tube pattern can be increased to give practical, lightweight recur or- 
ator designs that are compatible with the turbomachinery. The salient core 
dimensions for a series of selected in-line tube surface geometries are 
shown Jr. Figure 40. The selected design for the A-2 engine configuration 
at the reference engine conditions is shown on page 90. 

For the 8-2 configuration, there is a choice of two-pa«.» c four-pass cross- 
counterflow arrangement. As for the A-l and B-! designs, it was found that 
the relaxation in core surface compactness necessary for the four-pass 
arrangements resulted in a weight and volume penalty compared with the 
two-pass designs. In the graphical presentation of the recuperator para- 
metric data, only the two-pass cross-counterflow solutions are shown. The 
salient core dimensions for a series of selected staggered tube surface 
geometries are shown in Figure 41. The selected design for the B-2 engine 
arrangement at the reference engine condition is shown on page 106. 

A summary of the selected designs for the four engine configurations, at 
the reference engine conditions, for the tubular recuperator surface 
geometries is shown in Table VIII. 

FIHWED-TUBE SURFACE 6E0HETRY EVALUATION 

For the effectiveness and pressure loss range outlir.ed in a previous section, 
a variety of finned-tube surface geometries of the type shown in Figure 35b 
was considered in the recuperator parametric study. The analytical pro- 
cedures were similar to those described for  the plain tubular surface 
geometries. The following variables have been used in the analysis. 

Flow Configurations 

The flow configurations examined were identical to these described in the 
tubular surface geometry section. 

Tube Sizes 

A fairly wide range of tube diameters was considered. Tub-, outer diameters 
of 0.075, 0.10, 0-125, 0.15, 0.20 and 0.25 inch were evaluated, and a tube 
wall thickness of 0.004 inch was used. 

Tube Inside Geometry 

In the tubular recuperator section, lightweight solutions were presented 
where the inside heat transfer coefficient was substantially increased by 
ring-dimpling of the tube wall. With a gas-to-gas heat exchanger made from 
small diameter tubes, the addition of finned secondary surfaces on the out- 
side of the tubes poses a severe, if not prohibitive, problem in fabricating 
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the tube dimples.  For designs with external sacondary surfaces, the insid« 
heat transfer coefficient can be increased by utilizing a plain strip, a 
spiral strip or a flap turbulator inside the tube.  Details of these turbu- 
lence proTK)ting devices are shown in Figure 42. With the plain strip brazed 
inside the tube, the hydraulic diameter is effectively reduced; this, 
together with the increase in heat transfer surface area, results in an 
improved internal conductance. Although the spiral strip and the flap 
turbulator are more effective heat transfer promoters, the associated large 
increase in friction factor results in core sizes of very large flow frontal 
area and small flow length for units such as a gas turbine recuperator where 
a very limited pressure loss is allowed.  In the recuperator analysis, plain 
tubes, plain tubes with an internal strip, and plain tubes with an internal 
flap turbulator were evaluated. 

Outside Surface Geometries 

Disc-finned arrangements of the type shown in Figure 43a were evaluated for 
both staggered and in-line tube pat srns.  From a 33-disc-finned-tube 
inventory, 5 surfaces were selected as being representative for air-to-gas 
heat exchanger application. Using the finned-tube terminology given In 
Figure 43a and b, details of the selected surfaces are outlined in Table IX. 

Heat transfer and pressure drop data used in the analysis for flow outside 
the selected in-line and staggered tube arrangements are based on AiResearch 
test data obtained from a series of small test cores. For each of the four 
engine configurations, extensive use was made of the same computer program 
as used in the tubular recuperator analysis and described in the previous 
section. 

The initial analysis was aimed at establishing the optimum recuperator 
pressure loss split to give minimum weight solutions. As in previous re- 
cuperator studies, a survey of the computer output showed that the finned- 
tube geometry was not very attractive, primarily because finn ng of the 
tubes adds area to the side of the heat exchanger that already has the 
higher conductance (i.e., flow across the tube bundle).  The addition of 
heat transfer area to the high-conductance side represents an inefficient 
use of heat transfer area, and thus results in a high-weight design.  Tne 
recuperators with the flap turbulators inside the tubes yielded the lightest 
weight solutions, but the core flow frontal areas were so large that the 
units were incompatible with the turbomachinery.  The designs with the 
plain strip inserted in the tube gave slightly lighter weight solutions 
than the plain tube.  From the thousands of computer solutions, the most 
attractive designs from the standpoints of minimum weight and compatibility 
with the turbomachinery were associated with the IFT 12 surface.  At the 
65 percent effectiveness and 6 percent pressure loss levels, the effect of 
pressure loss split on tube and fin weight for a range of tube diameters 
is shown in Figure 44 for the IFT 12 outside surface geometry, for plain 
tubes with plain strip inserts as the inside surface. As can be seen, 
a 60/40 hot-to-cold side pressure loss split results in units close to mini- 
mum core weight.  This value is in agreement with the findings of the plain 
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(a) Internal plain strip 

(b) Internal spiral strip 

(c)  Internal flap turbulator 

Figure 42.  Internal Turburlence-Promoting Devices. 
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tube analysis discussed in the previous section. With this pressure loss 
split, the effect of pressure loss level on core size and weight for the 
two-pass cross-counterflow A-l and B-l engine configurations at the 65 
percent effectiveness level  is also shown on Figure A4. The relationship 
between effectiveness and core size and weight for a series of tube diam- 
eters, with and without a plain internal insert,for engine configurations 
A-l and B-l are shown in Figure 45.  In Figures 46 and 47,similar relation- 
ships are shown for engine configurations A-2 and B-2 respectively. 
Because the finned-tube core weights are so much higher than the dimpled 
plain tube variants, the curves shown on Figures 45,, 46, and 47 have been 
drawn only for a recuper?tor pressure loss of 6 percent.  Typically, the 
effect of pressure loss on core size and weight was shown in Figure 44 for 
a given effectiveness and surface geometry.  Ba^ed on the analysis, it is 
concluded that finned-tube surface geometries are not attractive for small 
yas turbine recuperators where the overall allowable pressure loss is small 
and the main design goal is to produce a unit of minimum weight. 

The main application for finned-tube surface geometries is in liquid-to-air 
heat exchangers. A typical example is an air-cooled oil cooler where a 
high inside oil pressure drop can be tolerated, and thus the inside heat 
transfe. coefficient can be increased substantially by the use of internal 
turbulators. 

PLATE-FIN SURFACE GEOMETRY EVALUATION 

For the effectiveness and pressure loss range outlined in a previous section, 
a variety of plate-fin surface geometries of the type shown in Figure 35c 
was considered in the recuperator parametric study.  The following vari- 
ables have been used in the analysis. 

Flow Configurations 

Counterflow 

Two-pass cross-counterflow 

Three-pass cross-counterf(Ow 

Four-pass cross-counterflow 

In all four engine configurations, it has been assumed that the high pressure 
compressor discharge air is the single-pass fluid and the turbine discharge 
gas is the multipass fluid, flowing through the heat exchanger in a pattern 
to give a cross-counterflow arrangement. 

Surface Geometry 

A wide range of secondary surfaces was evaluated.  Both plain triangular 
and rectangular offset fins of the type shown in Figure 48 were examined. 
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In the majority of recuperator industrial and automotive applications, 
offset finned surfaces are utilized for minimum volume and weight.  With 
this type of surface, the fins are systematically pierced in the direction 
of flow, and offset normal to the direction of flow, as shown in Figure 48. 
This provides periodic dissipation of the boundary layers and thereby 
increases the heat transfer coefficients.  Boundary layer dissolution incurs 
a smaller pressure drop penalty than artificial turbulence promotion such 
as that obtained with the wavy or herringbone configurations.  In the 
development of many thousands of plate-fin heat exchangers for aircraft 
and industrial applications, a large number of AiResearch fin geometries 
have been generated for which heat transfer and friction data are available. 
In comparing the characteristics of the various types of surfaces, including 
offset, plain, louvered, perforated, herringbone, and pin-fin, it has been 
observed that the compact offset rectangular fins result in matrices of 
minimum volume and weight, and thus represent a very effective type of 
secondary surface. 

The range of surface geometries evaluated varied from a very compact con- 
figuration (38 fins/inch, 0.025 inch passage height) to a relatively loose 
corrugation (10 fins/inch, 0.55 inch passage height).  Details of the 20 
surfaces considered are given in Table X. All combinations of these sur- 
faces on both the high and low pressure sides of the unit were considered. 

For the plate-fin geometries, extensive use was made of two computer pro- 
grams written for designing counterflow and multipass cross-counterflow 
heat exchangers.  Both programs design gas-to-ga-; plate-fin heat excnangers 
by an iteration procedure for a range of finned surfaces.  The friction 
factor (f) and Colburn modu<us (j) for each of the fin surface are avail- 
able in a tubular form as a function of heat exchanger Reynolds number. 
Heat transfer and pressure drop data used in the plate-fin analysis are 
based on AiResearch test data obtained from a series of small test cores. 
When given the required performance, fluid properties, fin information, 
and heat exchanger details, the programs calculate the size and weight of 
the required heat exchanger core. The programs were also directed to 
search for fin combinations giving the lightest weight solution.  Perfect 
gas behavior and normal operating temperature and pressure levels are 
assumed. Density for the core friction pressure drop is the reciprocal of 
the average specific volume.  Each side of the heat exchanger is designed 
separately and the sides are combined. There is no mixing inside each pass, 
but mixing between passes is assumed.  Checks are made for thermodynamicaliy 
impossible problems and for core and duct Mach numbers. The specific heat 
ratios in the compressibility equations are calculated from the specific 
heat by means of perfect gas relations. Duct and core end losses are 
calculated as fixed multiples of the velocity pressure.  Fin effectivenesses 
are determined by iteration. 
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Flow 

Flow 

Enlarged view of typic«! 
plain triangular fin heat 
transfer surface 

b) Enlarged view of typical 
plain rectangular fin heat 
transfer surface 

c) Enlarged view of a typical 
rectangular offset-fin 
heat transfer surface 

Flow 

Figure 48.    Typical Plate-Fin Surface Geometrias. 
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TABLE X. PLATE-FIN SURFACE GEOMETRIES EVALUATED           1 
IN RECUPERATOR PARAMETRIC STUDY 

Number Fin Type Fins/Inch Passa ge Height, in. 

1 Rectangul ar offset 38 0.025       j 

1  2 H 20 0.050 

1  3 24 0.075 

4 20 0.075 

1  5 20 0.100       j 

1  * 16 0.100 

1  7 
16 0.525        ; 

' 8 !6 0.153      ; 

1  9 24 0.200        | 

10 24 0.300        j 

1 n 16 0.250       ) 

12 28 0.250 

1 ,3 16 0.100       I 

1 K 12 0.175 

i ,5 Recta igular offset 12 0.117        | 

16 Plain triangular 17 0.125        | 

17 n 19 0.250        j 

18 17 0.125 

19 12 0.250 

20 Plain triangular 10 0.544       | 
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the counterfiow analysis, the effect of the inlet and outlet crossflow 
sections, which are necessary to distribute the gas flows into and out of 
the pure counterfiow section, on the size and performance of the unit was 
not calculated.  In the analysis,4C0 fin surface combinations were evaluated 
and a search was directed for the fin surface combination that resulted in 
the lightest weight heat exchanger solution.  The results of the search for 
the minimum weight ccunterflow recuperator matrix are plotted on Figure 49. 
The values given are for pure counterfiow only and do not include the end 
headertng sections.  Based on current manufacturing technology, a minimum 
fin thickness of 0.004 in. has been assumed, together with a tube plate 
thickness of 0.006 in. These curves, drawn for pure counterfiow, can be 
applied to each of the four engine configurations and are valid whether a 
modular or full annular core arrangement iz  assumed.  Radially tapered 
passages have not been considered; thus, for the full annular type of core, 
the elements would have to be spirally wrapped or formed into an involute 
to maintain a constant passage height. 

For the reference engine design point effectiveness and pressure loss of 
0.65 and 6 percent, respectively, it can be seen from Figure 49 that the 
minimum matrix weight is 66 lb and the minimum volume is 0.714 ft^. Above 
an effectiveness of about 0.70, the volume and weight increase very rapidly. 
In general, utilization of extremeiy compact plate-fin surfaces results in 
cores in which the weight is greater and the volume is smaller than an 
equivalent unit with tubular surface geometry. To achieve the smaller 
volume, it is necessary to use extremely compact surfaces, with the result 
that the frontal areas tend to be large and the flow lengths small, for a 
counterfiow configuration with small allowable pressure losses. The weights 
and volumes given in Figure 49 are the minimum that can be obtained from 
the fin surface inventory selected fcr -he plate-fin recuperator parametric 
study.  It is realized that the choice of surface geometry for the minimum 
weight solution may not give a core shape that is compatible with the turbo- 
machinery, and Figure 49 is drawn merely to show the theoretically obtainable 
minimum volumes and weights.  Relaxation of the surface compactness to 
reduce flow frontal area would result in an increase in core weight and 
volume. Addition of the end sections to direct the air and gas into and 
out of the oure counterfiow section also results in an increase in core 
weight and volume over the values shown in Figure 49. 

Figure 50 shows the effect of material thickness on the weight and volume 
of a counterfiow core.  The datum for this study is the minimum weight core 
for the reference engine conditions from Figure 49 (effectiveness 0.65, 
pressure loss 6 percent).  As one would expect, the biggest weight savings 
results from a reduction in the corrugation fin thickness.  However, as the 
fin thickness is reduced, the fin efficiency falls off, resulting in an 
increased volume requirement for the same thermal duty; the volume increases 
rapidly if the fin thickness is reduced much below 0.003 in.  For a particular 
application, the minimum material thickness would be determined from a 
detailed stress analysis of the core for a given life requirement.  The 
minimum fin and plate thicknesses for current stainless steel recuperators 
are 0.004 in, and 0.006 in. respectively.  For lightweight aerospace appli- 
cation, slightly thinner foils could probably be used, but this would result 
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in much tighter control of the manufacturing tolerances, particularly in 
the brazing operation where extremely close temperature control would oe 
necessary to minimize local braze alloy erosion, etc. 

In addition to the pcrs counterflow variant, plate-fin arrangements of 
two-, three-, and four-pass cross-counterflow have been analyzed. As 
carried out for the tubular units, the effect of pressure loss split on 
core weight was examined (Figure 51).  For the two-pass cross-counterflow 
design, the matrix weight is a minimum when 60 percent of the available 
pressure loss is used up on the gas side of the unit. For the three- and 
four-pass arrgngements, the minimum weight is achieved at a slightly higher 
percentage on the gas side. To show the effect of pressure loss split on 
core weight and volume, these curves were drawn at the reference engine 
effectiveness and pressure loss. With the limited pressure loss available 
and the small recuperator inside diameter, the surface compactness has to 
be reduced for the three-, and four-pass arrangements with the result that 
the minimum matrix weight and volume increase compared with the two-pass 
configuration. 

In Figure 52, the relationships between effectiveness and pressure loss 
ar.J between minimum core weight and volume are shown for a two-pass cross- 
counterflow arrangement. As for the counterflow arrangement, the data 
presented are a!id for a modular or full annular core, and the comments 
given previously regarding material thickness are equally applicable. The 
curves shown in Figures 52, 53, and 54 again represent minimum weight 
solutions taken from a search involving 400 fin surface combinations and 
are drawn for the case where 60 percent of the available pressure loss is 
used up en the gas side of the unit.  For the two-pass cross-counterflow 
arrangement, the data given on Figure 52 are applicable for engine con- 
figurations A-l, B-l, and B-2. The three-pass cross-counterflow data on 
Figure 53 are for engine configuration A-2, and the four-pass data on 
Figure 54 can be applied to configurations A-l, B-l, and B-2. 

Based on the plate-fin analysis, a series of minimum weight solutions has 
been established, and these are compared with solutions frcn the tubular 
and finned-tube studies at the reference engine conditions as outlined in 
Table XI. 

From the surface geometry comparison, it can be seen that the minimum 
weight counterflow plate-fin matrix weight, while lighter than the finned- 
tube variant, is much heavier than the dimpled plain tube design. There- 
fore, the main emphasis in establishing an optimum design will be concen- 
trated on the dimpled plain tube geometries. 
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Curves drawn for below data 
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Figure 5i.   Effect of Pressure Loss Split on Kinimutn 
Recuperator Matrix Plate-Fin Weight and 
Volume for Cross-Counterflow  Arrangement. 

137 



*r    o öS 
•X. O O r« 

r-" 

■* 

• o.           1 
o   W IA       ¥ 

u 
.'Xi , o    Y y 

IU 

-i^ *°.AA; 
o 0\ y   y ■ 

\ A i 
o \I\H 

o Jf y j 
i/\ MB 

o'v ^ M   \i  irt 
<T\ J ' \ yl   11 
O 

\ ^ir r* 

•»■■^ X 
■— 

"A 
> w 

■ \ v .—- K A 
ü X »«— -^ ^^ /' ft. v _i iJ V 

■^ 
a. 
< \ ' > 

1 —' 

«WIM 

^ 

^1   in  1 

[OA  »jJl» 

-C <0 
<J> l- 

a> 
u n. 
'S 3 

O 
TJ V 
c a: 
<o 
4) g 
E ^ 
3 s- u 
o 4) 
> •M 

c 
X 3 

o u o 
■M ! 
<0 <n 
r tn 

O 
c h. 

o 
u. 

1 U) 
at vn 
•w W 
to a. 

1 
a. i 
F i- 
3 
E <0 •— 
c '_ 

.— o 
X «4- 

ca 
m 
a» 
i_ 
3 
O) 

qi'jn6i»M u|j pus 3}e|d xrjjeui uinuiiuiw 

138 

I 



r? 
c   c ^ 

iii •5 • a. 
■ >   u         •» a. 

5 
• 1^8 

< o o o 

i u\ >■ 

s f-fl m        m 
M   9  C 

o ! 8^" •* 
m 

•- o >■ a O   • — 
f «- o •-  m 

1 * a.— 
«. ciS b 

i2l & Ik 1-  X 
• • • 

m 
|Q a. 
i 

« 

«0 

o 

c"' H|OA   XjJJ« »1U1H 

•  c 

8 I 

Si 
f 

o 

o 

a. 

\ 
«o — 

c ^ 

—1 
«1 
•i 

S 
? • • 
u 

^- 

s 

1 

< 

IA 
NO 

> 

s 
o 

s 

s 

I i 

en 
*« 

•u 
c 
<0 

0) 
£   . 
3 I- 

o2 
> ID 

•eg- 

^1 
ID   4J 

iA 
= S 

•— i. 

IO 
m 
a) 
3 
a» 

q|'jq6]a« uij puc «}«|d x|j)nu uiniu|uiw 

139 



i 
o 

■1 

I * > 
a • <•- «»- 
u (. 

°\ A V/vi ^ - IS t> C\ X ll. 
o 

!> ̂  v ̂ y fl o ^^ s. A kV 1 
^s, __ „, —- Jv *s \ *fv r« 

N. --- -^y / n i 
r —«■ ^j s —-< ̂

 ^ 
^ 

*• 
a. 
a. \ 

N 
i 

- 

^ y f 
o 
^ 

V) 

a. 

o 

u 
o 

CD 

—  • ■n    ^    U <3 ^Z"- 
C    -    • o      o 
*    It o «o 

IA • o   > 
M    S    3 COW 

£    « MOM 
ai a. c  M I 

—       —  c 9    «    • 
fS^f «1 

o> 
3      -v   c a. ^ **        k. 

Ä   ««   »   Ö 

« « 
< =:35 

t** 
1|0A   XIJ)t <!U|K 

S  & 

<u 
3 
"3 
C 
!0 

F 
3 L. 

■» o o J-> 
> ■0 u 
X 0) 

a. 
u 3 

■M O 
(0 0) 
X. ez 

c 'S •— o 
Lu 

1 "4- 
V i_ 

4-1 V 
<TJ ■u 

c 
a. 3 

O fc «J 
D 1 
E I/) • — i/l 
c o •_ v. 
x o 

• 
^ 
If) 

0) 
L. 
3 
OI 

q('5L|6i»M a\i pue »}C|d xuieui umiuiuiw 

uo 



TABLE XI.  COMPARISON OF MINIMUM WEIGHT SOLUTIONS FOR TUBULAR, 
1               FINNED-TUBE, AND PLATE-FIN GEOMETRIES 

Finned 
Dimpled Tube With 
Plain Plain 

Surface Geon.atry Tube Insert Plate Fin         j 

Flow Configuration Two-Pass Cross Counterflow Two-Pass Cross! 
Counterf low Counterflow  | 

[Engine Configuration A-l A-l A-l    A-2 A-l 
B-1 B-1 B-i    3-2 B-1    B-2 

Effect iveness 0.65 0.65 0.65 0.65   j 

Pressure Loss, ^ 6.0 6.0 6.0 6.0    | 

Minimum Weight, lb 27. U 82.53 66.0 88.0   { 

RECUPERATOR MATERIALS 

The factors of primary importance in the selection of recuperator materials 
are mechanical properties, hot-corrosion resistance, fabricabi1ity, com- 
patibility with brazing filler metals, metallurgical stability, and cost. 

Mechanical Properties 

A recuperator material must have adequate mechanical properties during its 
design lifetime to withstand the stresses due to thermal transients and 
fluctuating and steady-state pressure differentials. 

It is insufficient merely to measure the properties of new, unexposed 
material, because mechanical properties are almost always degraded by 
environmental attack and by metallurgical changes such as aging reactions 
and carbide precipitation. Metallurgical stability and corrosion resistance 
cannot be considered apart and are important in evaluating mechanical prop- 
erties. 

Erosion resistance is also an important mechanical property. Erosion is 
caused bv solid or liquid particles (dust, sand, carbon, or molten salt 
droplets) in the gas turbine environment battering against the surface of 
a material. Although dynamic yield strength and endurance limit can give 
indications, there is no accurate way to calculate erosion resistance. 
Among the stainless steels and superalloys considered as recuperator 
meterials, those with higher yield strength should have the higher resist- 
ance to erosion. 
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Hot Corrosion 

Hot corrosion is the attack on metal alloy components caused dirsctly or 
indirectly by contact with products of combustion of gas curbir* engines. 
Included in this term are all synergistic effects that contribute to hot 
corrosion such as sulfidation, oxidation, erosion, stress corrosion, and 
both static and cyclic stresses. 

In an Army Aviation Materiel Laboratories sponsored research program at 
AiResearch (Reference 4), it has been shown that hot-corrosion attack of 
stainless steels and superalloys definitely occurs at current levels of 
recuperator operating tenperatures. 

Fabricabi1ity 

Materials selected for formed parts, such as fins and pans, must have 
adequate formability at room temperature and must be amenable to brazing, 
welding, and all other contemplated manufacturing operations. 

Compatibility with Brazing Filler Metals 

Since brazing is the most economical means of producing recuperator struc- 
tures, the compatibility of structural materials with candidate brazing 
filler metals is of primary importance. The selected base metal/filler 
metal combinations must satisfy the following requirements: 

1. Compatible brazing temperature. Metallurgical changes must not 
occur in the parent metal as a result of the brazing temperature 
cycle. 

2. Minimum erosion and penetration into the base metal. 

3. Adequate wetting and flow. 

4. Adequate brazed joint strength and hot-corrosion resistance. 

5. Little or no embrittlement of the base metal by diffusion of 
brazing filler metal constituents into the base metal. 

6. If galvanic attack appears to be a problem under service condi- 
tions, galvanic potential oetween base metal and filler metal 
should be low. The base metal should preferably be the anode, 
since it has much greater surface area. 

Metal'jrqical Stability 

The mechanical properties and corrosion resistance of a recuperator material 
must not be detrimentally affected by internal metallurgical changes, such 
as carbide precipitation, sigma formation, internal oxidation, or diffusion 
reactions between dissimilar materials, e.g., between base metals and 
filler metals or coatings. 
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AIResearch has acquired an extensive background relating to the effects of 
wall thickness, temperature, gas atmciphere composition, and brazing filler 
metals on the creep strength, rupture strength, ductility and high temper- 
ature corrosion of a variety of stainless steel and superalloys. 

A reduction in strength of thin-walled materials has also been demonstrated 
in a program on hot corrosion of recuperator alloys (deference 4). The purpose 
of the program was to evaluate the hot-corrosion resistance of the materials 
and brazing alloys in gas turbine combustion products at 1100°, 1300°, 
ana  15000F.  Preliminary hot-corrosion tests at 15000F were conducted for 
100 hr to screen candidate braze alloys.  Following this, tubes containing 
disks brazed with selected braze alloys were pressurised at maximum temper- 
atures of 1100°, 1300°, and 15000F to cause failure-at-time intervals up 
to 1000 hr.  Specimens were thermally cycled under stress after 2-hour 
hold times at temperatures and alternately exposed to oxidizing and reducing 
gases containing 5 ppm sea salt to simulate startup, operating, and cool- 
down conditions of a gas turbine engine. Tubing and brazed joints were 
metallographically examined to evaluate hot corrosion of various brazing 
alloy tubing material combinations. Hot-corrosion stress rupture data for 
a material are shown in Figure 55.  Figure 56 shows the range of gas and 
core metal temperatures being considered in the recuperator parametric 
study. The estimated maximum tube wall metal temperatures are based on a 
heat exchanger with balanced thermal conductances( i.e., hA„Ae. = hA...). 

GAS    AIR 
This assumption is fairly valid since the goal of the parametric study was 
to identify surface geometries to give minimum volume and weight solutions. 

MATERIAL COSTS 

Foil and tube costs were obtained for candidate recuperator materials over a 
representative range of material thicknesses and tube diameters. With the 
main emphasis being placed on dimpled plain tube surface geometries to give 
minimum weight units, detailed cost analysis of the tubular heat exchangers 
was carried out.   Tube price data used in tne cost analysis for a selected 
reference material is shown in Figure 57, 

STRUCTURAL CONSIDERATIONS 

Structural considerations related to reciperator design were investigated 
for the severe pressure, temperature ano vibratory load environment associ- 
ated with turbine operations. Design conditions are discussed and a typical 
set of material stress criteria is provided for the various loadings. 
Applicable material properties for a candidate superalloy material 
are included to indicate approximate acceptable stress levels.  Critical 
structural design areas such as the cubes and tube supports, 'waders, and 
shells are discussed to outline the general approach n xessar, for a suc- 
cessful design. 
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Design Criteria 

The recuperator is expected to operate for a minimum of 1000 hr in a high 
temperature environment which will have metal tesaperatures of about I3000F 
and gas pressures up to about 130 psi. The combined effects of high temper- 
ature and extended life require that the recuperative material provide 
adequate creep strength properties. Transient temperature conditions, 
particularly during startup, must be accommodated for in the heat exchanger 
design, so that the selected material will have adequate fatigue strength. 
In this low-cycle fatigue range, stresses exceeding the material yield 
strength are acceptable, and fatigue life is related to the plastic strain 
per cycle and to the material ductility. Therefore, to provide adequate 
thermal fatigue life, the material must have acceptable reduction in area 
properties. An extensive shock and vibration spectrum «s expected due to 
aircraft and engine operating characteristics with the engine mount and 
rotational frequencies being the most critical to the recuperator. If a 
recuperator resonance coincides with an engine operating frequency, large 
vibratory amplifications can occur which will cause recuperator fatigue. 
Many cycles can be accumulated during the operating life, so, in contrast 
to low-cycle thermal fatigue, the design stresses must be below the fatigue 
limit of the material which is about the yield strength for typical 
recuperator materials. 

A variety of load conditions, stress conditions, and types of failure mode 
possibilities would be experienced by the unit during its life. The 
detailed set of design criteria discussed below would be used to design the 
various components. 

Allowable Stresses for Internal Pressure Design 

The standard design practice employed by AiResearch is to design the pressure 
carrying structure for proof pressures of l.S times the working pressures 
and for burst pressures of 2.5 times the working pressures. The structure 
must not yield at proof pressure or rupture at burst pressure. This implies 
that the proof pressure is the governing design condition if the ratio of 
yield stress to ultimate stress is less than 0.6 and that the burst pressure 
will govern if the ratio is greater than 0.6.  The allowable stress at 
working pressure is, therefore, the lesser of the following: 

CTall = ^ult)/2-5 

aan - (ay)/1.5 

(la) 

(lb) 

At elevated temperature for extended operating times, the above conditions 
must be satisfied, and in addition, the component must be satisfactory for 
creep effects. A set of criteria for creep must be comparable to those 
for the short-time loading. Accordingly, limitations based upon stress 

147 



to rupture and stress to l-percent creep must be established. For the 
rated design life of the unit, it will be designed for sustained pressure 
operation at maximum operating temperature throughout the entire design 
life. Allowable stresses at working pressure must be the lesser of the 
following: 

aaH ^ [0-Percent creeP stress) ]Q00  hr]/l.2 (2a) 

Oa|, « [(creep-rupture stress){000 hr]/'l-5 (2b) 

Allowable Stresses for Inertia Loads 

Inertia loads, both static and vibratory, may be experienced during any 
phase of the operating cycle of the unit. The component must, therefore, 
be designed to carry the inertia loads at elevated temperature. Since 
the maximum loads generally occur for a relatively short time duration, 
the short-time material properties will be used. The design allowable 
stress used for the inertia loads will, therefore, be governed by 
Equation (l). 

Allowable Thermal Fatigue Stresses 

The magnitude of thermal stress due to temperature differences developed 
during the rapid heat-up cycle of the system results in plastic deforma- 
tions in various components, particularly in the hot operating regions. 
For a minimum operating life requirement of 1000 thermal cycles, a minimum 
design life of 4000 cycles would be used to ensure that the life is achieved. 
The required analysis was based on the accumulated plastic strain approach 
for estimating fatigue life. The number of cycles to failure N is deter- 
mined from the formula 

1- JSi—5    (3) 

1-2      4-5 

where N = cycles to failure 

e = plast ic strain 
P 

C = material ductility constant 

The ductility constant is based upon the material reduction of area 
property, RA, and the formula below is based on work outlined in 
Reference 5, 

c = 0-79Ln  loÄf 
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The reduction area at fracture is determined from stanoard tensile tests 
and the plastic strain is estimated from a typical load cycle for the 
material. Cumulative effects for different load cycles during the material 
life are handled by a fatigue damage rule similar to Miner's rule.  In 
addition, since both creep and fatigue are occurring simultaneously, th« 
effects of the two material damage phenomena are important. 

Material Properties 

The allowable pressure stresses vs temperature for a reference recuperator 
material are shown in Figure 58. The allowable stresses were determined 
from the yield stress and the stress fcr l-percent creep in löOO hr using 
the design criteria in Equations (l) and (2). The yield and the 1-percent 
creep stress conditions provide lower allowable stresses than the ultimate 
stress and 1000-hr creep rupture stress. Additional properties required 
for design are included in Table XII. 

Tube Design 

Tube dimensions were based on the heat transfer analysis and then checked 
for structural capability. Typical tube lengths were from 10 to 15 in., 
diameters were 0.1 and 0.125 in., and wall thickness was 0.004 in. Maximum 
tube operating temperature was estimated to be I20C0F for 0.65 effective- 
ness case based on a gas inlet temperature of I3300F and an air outlet 
temperature of !0700F.  Loads on the tubes included pressure and thermal 
and vibratory inertia, as discussed in the following paragraphs. 

Pressure containment capability can be determined from the cylindrical 
membrane stress by the standard relation 

a =  PR/t 

The stress for a 0.125-in.-diameter tube with a wall thickness of 0.004 in. 
at the compressor outlet pressure of 132 psi is therefore 4100 psf. The 
allowable stress from Figure 58 at I2000F is 31,000 psi, so tube strength 
is more than adequate for pressure containment. 

Axial thermal loads in the tubes due to differential growth between the 
tubes and adjacent structures must be avoided whereas differential tube 
growth and thermal bending stresses can be tolerated. The thermal analysis 
for this study was restricted to considering the axial temperature differ- 
ential which will require moving, or floating, headers between the tubes, 
shells and tube supports except for a single fixed point which is assumed 
to be the header at the one end. The header at the hot end would generally 
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TABLE XII. TUBE MATERIAL PROPERTIES VS TEMPERATURE                        | 

Temperature, 
0F 

Thermal  Expansion 
Coefficient, 

in./in./0Fxl06 
Elastic Modul 
psi x lO"6 

us, Reduction  in 
area,  percentO) 1 

1         70 — 29.8 43 

i       200 7.1 29.2 •                                            l 

|       400 7.3 28.4 j 

600 7.4 27.5 - 

800 7,6 26.6 —                                            1 

1000 7.8 25.6 i 

1200 8.2 24.4 I 

UOC 8.5 23.1 48                     j 

I     1600 
L  

8.8 - 73 

|            (l)Typica1  values for sheet 
1                 at AiResearch. 

material based on tests conducted               1 
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be selected as the fixed point so that the required flexible joints or seals 
could be designed for the lower temperature operating regions. An example 
of the temperature differentials that can bo expected >s provided by the 
differential between the outer shells for the ducting, the compressor air 
to the tubes,and the tubes themselves in design configuration A~1. At 
steady-sta.e conditions, the shell temperature will be about 6000F, whereas 
the average tube temperature is estimated to be about 10000F. The tubes 
adjacent to the shell will therefore be in compression. A 4000F temperature 
differential occurs during steady conditions, whereas the allowable differ- 
ence to avoid tube buckling in compression would be about 2000F.  During 
start conditions, the tubes respond more rapidly than the shells and a 
transient difference of 700° to 9000F would be expected. Transient condi- 
tions would therefore be about twice as severe as steady-state conditions» 
and strengthening the tube to avoid buckling is not practical. The floating 
header design approach was therefore assumed in the analysis that follows. 

The design for inertia loads was based on a 25g tube capability and tube 
resonance frequencies greater than 150 Hz. Assuming that the tubes are 
readily exciteo by the turbine, and that an isolation system is not desir- 
able, this approach assumes that tube resonances giving very large amplifi- 
cations will be avoided.  If resonances above 150 Hz occur, it is assumed 
that 25g capability for the tubes will be sufficient for extended operations. 
The allowable tube length for a 25g uniform load can be estimated for simple 
support conditions where the beam bending stress is 

a = M 

where, for a thin wall tube 

Z = TT R2t 

and     M = 25 Y (2 TTIU) L2/8 

Combining, and using a typical metal density, y,  of 0.3 lb/in. , 

a = 1.8 L2/R 

For an allowable bending stress at I2000F of 31,000 psi the allowable un- 
supported length of a 0.l-in.-diameter tube is 41 in.  However, the 
allowable span for the same tube is only 6.7 in. based on the natural 
frequency relation 

f = 1.57^1/^ L4 - (A) 

where    E = material elastic modulus, psi 

2   2 
^ = tube mass per unit length, lb-sec /in. 

I = ZR, in. 
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The allowable span based on frequency was used for the tube support design 
that follows. 

Tubf- Supports 

Tube supports include flow guides, intermediate baffles, and supports for 
the flow guides and baffles. The design load for the flow guides and baffles 
(required when allowable span is exceeded between flow guides or headers, 
depending on the configuration) is the tube weight over the span loading the 
baffle, multiplied by 25 to account for amplifications (see tube design). The 
baffle thicknesses required for this loading are small, and the size will 
generally be set by minimum fabricable size limitations.  The selected 
minimum for this design was a thickness of 0.03 in. 

A system of support beams parallel to the tubes will be required to support 
these flow guides and baffles for inertia loads perpendicular to the tube 
axis. The approach to designing these beams is similar to tube inertia 
load design and therefore includes capability for 25g load and stiffness 
to place resonances above 150 Hz.  In addition, since the support beam is 
paralle' to the tubes, one end will be fixed and the other free to slide 
so that thermal restraint of the tubes does not occur. 

Header Design 

The header plate on the one end will support the tubes, headers and baffles 
for inertia loads and also will be a pressure-carrying member. Due to the 
short span between the inner and outer radii of the header annulus, plate 
size for inertia loads will be less than the selected minimum thickness of 
0.04 in.  Pressure loads cause edge moments on the inner and outer radii, 
and local reinforcements may be required. The header at the other end is 
a pressure-carrying member, and the design will be similar for both headers. 

Shell Design 

The manifolding for the recuperator consists of several different types of 
pressure containing members including the outer cylinder shells in the A-l 
and A-2 designs, conical inner shells and a radial inlet manifold for the 
compressor air. The outer cylindrical shells and radial manifold can be 
of sandwich construction to provide efficient pressure containment and 
strength for inertia loads. A typical outer sandwich shell for the A-l and 
A-2 configurations would consist of 0.02 in. sheets and plain triangular 
fins between the inner and outer shells. 

An important design consideration for the shells would be the incorporation 
of flexible sections to accommodate differential growth between tubes and 
shells. A typical flexible element would be a cylindrical formed metal 
bellows which would contain pressure and supply the needed axial flexibility. 
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SYSTEMS COMPARISON AND EVALUATION 

An evaluation cf the parametric data is presented to establish an engine 
configuration-recuperator design that is optimum for each of the two engine 
installation types.  Evaluations of surface geometry, flow-path configura- 
tions, total engine-recuperator weight, and cost are given below. 

RECUPERATOR SURFACE GEOMETRY EVALUATION 

For the tubular recuperator designs, all four engine configurations chosen 
have the high pressure compressor discharge air inside the tui-As and the 
low pressure turbine exhaust gas outside the tubes. As found i i previous 
studies, this arrangement results in lightweight designs, since the inside 
Reynolds number is in a range where ring-dimpling of the tube wall provides 
an effective means of increasing the inside heat transfer coefficient. 

For the finned-tube designs, the addition of finned secondary surfaces on 
the outside of the tubes virtually precludes ring-dimpling of the tube 
wall. The inside heat transfer coefficient can be increased by utilizing 
a plain strip, a wire spiral, or a flap turbulator inside the tube. With 
the plain strip brazed inside the tube, the combination of reduced hydrau- 
lic diameter and increased surface area results in an improved internal 
conductance. The data from the recuperator parametric study showed that 
the finned-tube geometry was not very attractive, primarily because fin- 
ning of tubes adds area to the side of thr  heat exchanger that already has 
the higher conductance. The addition of heat transfer surface area to the 
high conductance side represents an inefficient use of heat transfer area, 
and thus results in a high-weight design. 

Based on practical material thicknesses, a series of minimum weight solu- 
tions for plate-fin surface geometries was generated for a wide range of 
surface compactness. Using efficient offset secondary surfaces resulted 
Ir the cores in which the weight was greater, and the volume smaller, than 
an equivalent unit with a tubular surface geometry. To achieve the smaller 
volume, extremely compact surface geometries were necessary, and this re- 
sulted in impractical core sizes with large flow frontal areas and small 
flow lengths.  In the parametric study, it was found that the minimum 
weight counterflow nlate-fin matrix, while lighter than the finned-tube 
variant, was much heavier than the dimpled plain tube design. 

With one of the major goals of the study being to identify the type of 
recuperator surface geometry to give minimum weight units that are com- 
patible with the turbomachinery, it is concluded that optimum designs will 
be realized with plain tube surface geometries. 
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RECUPERATOR FLOW-PATH CONFIGURATION 

From the parametric study, it is apparent that at the extremes of the effec- 
tiveness and pressure 'icss ranges considered, unrealistic recuperator sizes 
as regards compatibility with the turbomachinery result for the practicat 
range of internal and external surface geometries used in the i eat transfer 
analysis.  Even with the smallest hydraulic ciiametar surfaces e'aluated, 
the minimum core weights at the 90 percent effectiveness level were in the 
order of hundreds of pounds, and for realistic designs an upper limit on 
effectiveness of  80 percent has been used in the comparison of configura- 
tions. At pressure losses of less than ^ percent, the recuperator inner 
and outer diameters become large and are not practical from the standpoint 
of engine integration.  In the comparison of the various configurations, a 
low value of recuperator pressure loss of 4 percent has been used. 

From the parametric study data, a comparison in core weights can be made 
between the two external configurations A-I and A-2 over the range of 
effectiveness and pressure loss considered.  In the design of the three- 
pass counterflow recuperators for the A-2 configuration, it was necessary 
to use in-line tube potterns to achieve minimum weight designs that were 
compatible with the turbomachinery. The heat transfer charactcristic'j of 
this tube pattern are inferior to those associated with the staggered tube 
design used in the A-l configuration. Although increased surface density 
surfaces were utilized for the A-2 design, by virtue of the inherently 
lower friction characteristics of the in-line tub"- arrangement, the in- 
crease in compactness was not sufficient to offset the poorer heat transfer 
characteristics of the in-line tubes. The net result of this was that, over 
the range of effectiveness and pressure loss considered, the core weights 
of the A-2 configuration were higher than those of the A-l configuration 
when comparing two units on the basis of compatibility with the turbo- 
machinery. 

From the parametric study data, a comparison in core weights can be made 
between the two internal configurations B-l and B-2 over the range of 
effectiveness and pressure loss considered. Both designs are of two-pass 
cross-counterflow arrangement with the high pressure air inside the tubes 
and the low pressure gas outside the tube bundle.  In the B-l design, the 
low pressure gas flows two-pass across the bundle, and for designs to be 
compatible with the turbomachinery there is a limic in surface compactness 
that can be used for the low available gas side pressure loss. In the B-l 
design, the small flow length associated with the single pass across the 
bundle means that the gas side mass flow velocity can be increased consid- 
erably by utilizing a much more compact surface geometry. At the same 
time, full advantage of the ring-dimpling effect on internal heat transfer 
can be taken by the increased mass flow velocity on the a'i' side by virtue 
of the two-pass flow arrangement.  In comparing the two configurations, it 
is apparent that the B-2 flow arrangemerit results in designs with a much 
improved balance of internal to external thermal conductance. On the 
basis of compatibility with the turbomachinery, there is little difference 
In core weight between the B-l and B-2 designs, but because of the much 
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more compact surfacss used in the B-2 arrangement, the core volume is much 
less and hence results in a much smaller engine package. 

While configurations A-l and B-2 can be identified as the most attractive 
from the standpoint of minimum heat exchanger core weight for the exter- 
nal and internal installations respectively, a further study was carried 
out tc confirm ti;is selection on the basis of overall engine-recuperator 
weight. 

RECUPERATOR WEIGHT ESTIMATES 

Detailed weight calculations were carried out for the four engine config- 
urations at the reference engine design conditions (recuperator effective- 
ness of 0.65 and pressure loss of 6 percent). The weight of the recuper- 
ator may be readily broken down into a number of components, including 
tubes, headeri, baffles, ducts, flanges and seals. To enable a series of 
simple equations to be generated which allows the total weight of a com- 
plete recuperator of a given type to be calculated from the data present 
ted In the parametric study, the following were considered. 

In addition to tube weight, the headers and baffles must be considered In 
the calculation of core weight. The weight of the blank header and baffle 
may be readily computed knowing the inside and outside core diameters and 
respective thicknesses. The number of tubes in the core can be established 
from the tube weight, diameter, length and wall thickness. It is then a 
simple step to compute the weight of the drilled headers and baffles. 
Simplifying equations wer«; derived for weights of the shell, ducts, flanges 
and seals. Stress calculations were carried out to compute the necessary 
sheet metal thicknesses for pressure contdinment in the shells and ducts. 
Weights were calculated by computing the developed lengths of the ducts 
and their mean diameters in terms of the tube length, bundle Inner and out- 
er diameters, or 5ome basic d'mension fixed by the turbomach Inery. A sim- 
ilar approach was used in the calculation of the flange and seal weights. 
The following equations were generated to give overall recuperator weight 
for the four engine configurations. 

Engine Configuration A-l 
0.0707 W 

Recuperator weight = WT + 0.0392 (D^-D*) - -—-jr ^ 

+ 0.00327 D 2L + 0.0393 DTL + 0.376L o I 

+ 0.248 D - 0.076 DT + constant o        I 
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Engine Configuration A-2 
0.0875 W 

Recuperator weight = W   + 0.0467 (0 2-0I
2) -rr - 

+ 0.00327 D *L + 0.0317 DTL + 0.376L o I 

+ 0.248 0    - 0.053 DT 0 I 

Engine Configuration B-l 
^ 0.0707 W 

Recuperator weight = W_ + 0.0583 0 2 - 0.028 D.2 -T,  T o I dL 

+ 0.031   D L + 0.0445 DTL + 0.267 D. oll 

+ 0.033 0 - constant o 

Engine Configuration B-2 
0.052 W 

Recuperator weight = WT + 0.0323 (0o
2-DI*)  dL 

+ 0.015 DTL + 0.44L + 0.147 D 1 o 

+ 0.122 0- + constant 

where    W = total tube weight, lb 

0 = core outside diameter, in. 
o 

D. = core inside diameter, in. 

L = core length, in. 

d = tube outer diameter, in. 

t = tube wall thickness, in. 

All four arrangements have the same basic turbomachinery arrangement, the 
weight of which was computed as 126.2 lb. Then, using this basic turbo- 
machinery weight in conjunction with the above equations, the total en- 
gine weight can be calculated for any heat exchanger selected from the 
recuperator parametric study curves. 

RECUPERATOR COST DATA 

The first objective in the cost analysis was to develop detailed cost in- 
formation on the four basic configurations at the reference engine effec- 
tiveness and pressure loss of 0.65 and 6 percent respectively.  The second 
objective was to develop cost scalars for configurations A-I and B-2 which 
would permit the generation of cost information over a range of 
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effectiveness fron 0.4C to 0.80 and a  range of pressure loss from 4 per- 
cent to iO percent. 

In the first task, cost considerations were given to the constituent parts 
and the labor involved in their assembly. The recuperator may be split in- 
to two major assemblies: the core and the shell with its associated duct- 
ing and structure. 

Recuperator Core Cost Breakdown (Applicable to All Four Configurations) 

The core can be Further split into tubes, headers and baffles. Tube cost 
data was obtained from a number of manufacturers for a range of diameters 
and wall thicknesses for several materials. The tube cost data used in the 
analysis is shown in Figure 57. To the basic cost of the tubing must be 
added the cost of r>ng-dimpling where applicable. The cost is assessed on 
a linear-foot basis irrespective of tube diameter, wall thickness or 
material. Headers and baffles are considered together because of their 
similar configuration. Basic sheet metal costs were used to derive the 
cost of the blank headers, to which a charge was added for blanking and 
forming to the desired configuration- The major cost, however, is in the 
formation of the holes, which are most economically produced by the Electric 
Discharge Machining (EON) process. This cost is assessed on the number of 
holes required irrespective of size or spacing. The assembly costs of the 
core can be broken down into stacking, orazing, and inspection.  Stacking 
cost is assessed on the number of tubes and baffles through which the tubes 
must be passed, and is irrespective of tube diameter. Brazing costs are 
assessed on the basis of co.e volume, as this determines the number of units 
which may be brazea in any given furnace load.  Inspection costs are based 
on the number of parts, which in this case is dominated by the number of 
tubes. 

Recuperator Shell and Ductii.q Cost Breakdown 

The recuperator shell and ducting costs are assessed on the basis of 
diameter, length, relative complexity, and baric sheet metal costs. 

In configurations A-! and A-2, the compressor discharge air is ducted to 
the recuperator in an outer annulus. The cost of these integral ducts is 
assessed on the basis of core length and core outside diameter, with an 
additional factor to cover their relative complexity. The turbine exhaust 
duct is assessed only on the basis of core internal diameter (its length 
for the most part is defined by the engine geometry) and relative complex- 
ity. Various flanges and seals associated with the recuperator are in- 
cluded in the duct cost. Their cost is assessed on their diameter, 
which may be taken as constant or may be approximated by the core inside 
or outside diameter, and their relative complexity. 

In the second part of the cost study, a series of cost scalars was estab- 
lished for configurations A-l and B-2 using the basic guidelines given 
above. 
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Core Costs for Configurations A-l and 8-2 

Tube cost = (a C_ + b) ~ 
■    at 

C W, 
Header cost = 

L dt 

dW 
Stacking cost = 

T 
L dt 

e W, 
Inspection cost = 

L dt 

Brazing cost = f LD 
c 

Combining the above equations gives 

W   gW 
Total core cost = (a C,,. + b) — + ;—rr + f LO 

T    dt  L -at     o 

where    a, b, c,   d',  e, f, and g are constants 

C_ = tubing cost per foot for specific material 

d = tube diameter 

t = tube wall thickness 

L = core length 

0 = core outside diameter 
o 

W- = tube weight 

b.   Duct, Flange, Seal and Assembly Costs for Configurations A-l and B-2 

Ducts, flanges, seals and assembly costs associated with the core outside 
diameter are given by: 

A-l configuration cost = h D L 

8-2 configuration cost = i D 
o 

Ducts, flanges, seals and assembly costs associated with the core inside 
diameters are given by: 

A-l configuration cost = j D- 

B-2 configuration cost = k 0. 

where    h, i, j and k are constants 
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P = core inside diameter 

Combining the above equations gives the cost scalars used in determining 
the total recuperator costs over a range of effectiveness and pressure 
loss. 

W   □ W A-l Configuration r  ' ' 
Recuperate "/coir- (*T ^ ^ rTF^ h'"o^ °i 

W   q W B-2 Configuration ,.  . ux T .   T ,._  , . « ..,. n      ^      *    ^ =  (aCT + bjrr- + r~rr + fLD + i D + k D. Recuperator Cost  v T    dt  L dt    o    o    I 

SELECTION OF RECUPERATOR CONFIGUPATIONS FOR INTERNAL AND EXTERNAL 
INSTALLATIONS 

A survey of the recuperator parametric data was carried out to identify 
the surface geometries which gave minimum weight designs that were com- 
patible with the turbomachinery.  For the most attractive surface geome- 
tries, data was taken from the parametric study and replotted as shown for 
configuration A-l in Figure 59. The units selected are identified on the 
curves in this figure. A summary of the designs selected for configura- 
tions A-i and A-2 is given in Tables XIII and XIV respectively for the 
range of effectiveness and pressure loss being considered. The total re- 
cuperator weights computed and the engine weights are included in the 
tables. 

Similarly, for the internal installation, data was taken from the para- 
metric study and replotted as shown for configuration B-2 in Figure 60. 
The units selected are identified on the curves in this figure. A summary 
of the designs selected for configurations B-l and B-2 is shown in Tables 
XV and XVI respectively for the range of effectiveness and pressure loss 
being considered. 

To have established designs that had a common recuperator inside diameter 
would have meant running an infinite number of surface geometry combina- 
tions in the annular core recuperator design computer program- In the 
tables of selected minimum weight solutions, it can be seen that the inner 
diameters do vary; however, in the choice of these designs, consideration 
was given to compatibility with the turbomachinery. All of the solutions 
given in the four tables can be readily integrated with the basic turbo- 
machinery to give compact engine packages. 

Detailed cost analyses of the four basic configurations were carried out 
at the reference engine conditions  The lowest recuperator cost estimate 
was for the B-2 configuration, and using this as a datum of say 100 per- 
cent, the relative costs of the other three configurations are as follows. 
The relative costs for configurations A-l, A-2, and B-l were 136 percent, 
186 percent, and 115 percent, respectively.  For the two installation types, 
arrangements A-l and B-2 are the most attractive fron the standpoint of 
minimum cost. The cost scalars established from the detailed cost analyses 
at the reference eng.ne conditions were used to generate the curves for 
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TABLE XIII.     SELECTED HEAT EXCHANGER AND  ENGINE SIZES AND WEIGHTS 
(FOR ENGINE CONFIGURATION A-l)  FO? RANGE OF VARIABLES 
CONSIDERED  IN PARAMETRIC STUDY 

Pressure 

Loss Effectiveness 0.80 0.75 0.70 0.65 0,60 0.50 0,40 

(AP/P) Bundle ID,   In. 16.& 
(2) (2) 

14.8^ •.6.0U 18.0® 18,0^ .5,3^ 

= ** Bundle 00,   in. 24.0 22.7 21.1 21.9 21.9 20,6 .7,9 

Tube length.   In. 27.0 25.0 24,0 21.5 .9,5 19,0 20.5 

Tub« diameter.   In. .075 .10 .10 ,10 ..25 ,20 .20 

Tub« weight,   lb 8S.0 63.0 43.0 34,0 25.0 15,0 .0.0 

Recuperator welgfit,  lb 177.5 143.5 117.0 10..6 86.4 69.7 58.3 

Engine weight,  lb 303.7 269.7 243.2 227,8 212.6 195,9 .84.5 

Engine OD,  In. 26.3 25.1 23.7 24,4 24.4 23.2 20,9 

Enalne OW lenoth.  in. 40,5 JSLfi 
14.5^ "S^ JL.C^ 33.0 32.5 34,0 

(4P/P) Bundle ID,  In. .5.5® Ö.S.BF» I4.6Ö 16,4^ .6,7^ 

= 0* Bundle 00, In. 22.1 22.6 20.7 20.83 .8.8 .9,7 18.0 

Tube length,in. 22.0 20.4 17.5 16.20 .7,0 13.0 14.5 

Tub« dlaneter,   in. .075 .10 .075 .10 ,10 .10 .20 

Tub« weigh,lb. 71.0 51.0 36.0 27.14 22.0 .3,0 8.5 

Recuperator weight,lb. 138.9 113.2 90.0 76,63 66.2 52 3 44.0 

Engine weight,lb. 265.1 239.4 216.2 202.8 .92.4 178.5 170.2 

Engine 00,in. 24.6 25.0 23.3 23.45 21.7 22.5 21,0 

Engine OV length,in. 35.5 34.0 

.4.5®' 

3..0 

17.5'^ 

29.90 

«16.4^/ 

30.6 

.4.5^ 

28.7 

"7^ 
28.7 

(AP/P) Bundle ID,in. 14.2® 
= 8$ 

Bundle 00,in. 20.6 20.6 22.2 20.3 .8.9 .8,45 19.2 

Tube length,in. 21.5 16.2 .3.7 14.5 .4.5 12,0 I..5 

Tube diameter,in. .075 .075 .075 .075 ..0 ,.0 ..25 

Tube weight,lb. 61.0 45.0 3..0 24.0 .9,0 ...5 7.0 

Recuperator weight,lb- 121.4 92.9 77.5 66.6 58.5 46. i 39.5 

Engine weight,lb. 247.6 219.. 203,7 192.8 .84.7 172.3 166.7 

Engine 00,in. 23.2 23.2 24.7 23.0 21.8 21.4 22.0 

Engine OV length,in. "'n 
.4.0^ 

28.7^ 28.7 

17^- 
28,7 28.7 28.7 

(AP/P) Bundle ID,in. 15.3® .6,0« .6,8^ 14.4^ 
= 10* Bundle 00,in. 21.6 19.0 20. ( 2..4 20,4 18,6 .6.4 

Tube length,in. 18.7 .8.0 14.0 .1.8 8.5 13,2 12.0 

Tube diameter,in. 0.075 0.075 0.075 0.075 0,10 0,15 0.125 

Tube weight, lb. 54.5 39.0 25.5 20.0 15,5 9.0 5.5 

Recuperator weight,lb. 109.2 85.3 70.2 59.5 53.0 42.0 34.9 

Engine weight, lb. 235.4 2(1.5 196.4 185.5 '79,2 168.2 .61,1 

Engine 00,in. 24.1 21.9 22.8 24.0 23,0 21,5 !9,6 

Engine OV length,In. 32.3 31.6 28.7 28.7 28,7 28.7 28.7 

•Reference engine conditions. 
15 Unit numbers referred to In Figure   59. 
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Figure 60.  Summary of Recuperator Surface Geometries 
for Configuration B-2. 
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TABLE XIV.    SELECTED HEAT EXCHANGER AND  ENGINE SIZES AND WEIGHTS 
(FOR ENGINE CONFIGURATION A-2)  FOR RANGE OF VARIABLES 
CONSIDERED IN PARAMETRIC STUDY 

Pressure 
Loss Effectiveness 0.80 0.75 0.70 0,65 0,60 0,50 0,40 

(AP/P) Bundle ID,   In. 16.0 15,5 16,5 16.0 15,0 15,0 16.0 

= ii Bundle OD,   In. ti.. 24.0 25.0 23.0 21.0 18.0 19.0 

Tube length,   in. 30.0 iC.O 22.0 20.5 2!.5 15,0 16.0 

Tube diameter,   in. 0.0V5 0.10 0.125 0.125 0.15 0.125 0.15 

Tube weight,   lb 142.0 94.0 67.0 47.0 37.0 22.0 14,0 

Recuperator weight,   lb 239.5 183.2 151.5 116.6 99.9 57.9 55,3 

Engine weight,  lb 365.7 309.4 277.7 242.8 226.1 184.1 161.5 

Engine 00,   in. 26.35 26.4 27.3 25.5 23.7 21.1 21.9 

Engine OV length,   In. 44.0 40.0 36.0 34.5 35.5 29.0 30.0 

(AP/P) Bundle ID,in. 15.5 19.0 17.0 17.18* 15.0 16.0 15.0 

=6* Bundle 00,in. 24.0 25.5 22.0 22.50 19.5 19,5 18.0 

Tube length,in. 23.5 18.5 18.0 16,18 17,0 14,0 14.0 

Tube diameter,in. .075 .075 .075 ,10 ,125 ,!0 .15 

Tube weight,lb 110.0 74.0 50,C 37.59 30,0 18.0 li.O 

Recuperator weight,   lb 190.0 145.6 115,4 91,76 75,8 56,5 47.6 

Engine weight,lb 316.2 27i.8 241.6 217,96 201,0 182.7 173.8 

Engine 00,in. 26.4 27.8 24.6 25.00 22.4 22.4 2(.l     i 

Inglne 0V length,in. 37.5 32.5 32.0 30.18 31.0 28,5 28.5 

(AP/P) Bundle 10,in. 15.3 18.5 18.5 17,5 16.5 15,3 15.5 

= 85t Bundle 00,in. 24.0 22.0 23.5 22,5 21,0 19,5 18.0 

Tube length,in. 19.7 18.5 14.5 15.0 14.0 12.0 11.5 

Tube diameter, n. .075 .075 ,075 .10 JO ,125 .15       ! 

Tube weight, lb 97.1 64.0 44,0 34.0 24.0 15.0 9,0 

Recuperator weight, lb 166.5 121.3 95.3 85.1 67.4 50.3 38.2     i 

Engine weight, lb 292.7 247.5 221.5 211.3 193,6 176.5 164.4 

Engine 0D,in. 26.4 24.6 25.9 25,0 23.7 22.4 21,1 

Engine 0V length,in. 33.7 32.5 28.5 29,0 28,5 28.5 28,5 

(AP/P) 
= 10* 

Bundle ID,in. 

Bundle 0D,in. 

15.5 

21.0 

19,0 

23,0 

16,5 

20,0 

13.0 

20.0 

15.5 

17.5 

Tube lengthen. No No 15.0 12,5 (3,0 II.0 10,5 

Tube diameter,in. Solu- 
tion 

Solu- 
tion 

.075 ,075 .075 .075 .10 

Tube weight, lb 40,0 28,0 22,0 13.0 8.0 

Recuperator weight, lb 85,3 71,8 58,7 44.2 33.6 

Engine weight,lb 211,5 198,0 184,9 170.4 159.8 

Engine 00,in. 23.7 25.5 22,8 22.8 20,6 

Engine 0V lengthen. 29.0 28.5 28,5 28.5 28,5 

•Reference engine conditions. 
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TABLE XV,    SELECTED HEAT EXCHANGER AND  ENGINE SIZES AND WEIGHTS 
(FOR ENGINE CONFIGURATION B-l)  FOR RANGE OF VARIABLES 

|                                      CONSIDERED  IN PARAMETRIC STUDY 

Pressure 
Loss Effectiveness 0.80 0.75 0.70 0.65 0.60 0.50 0.40 

1   UP/P) Bundle ID,   in. 16.5 15.5 17.0 18.0 IS.O 18.0 19.5 
=  if> Bundle 00,   in. 24.0 23.0 22.0 22.0 22.0 21.0 21.5 

Tube length,   in. 27.0 14.5 22.5 20.5 19.5 17.5 i't.O     | 

Tube diameter,   in. .075 .10 .10 .10 .125 .15 .15        | 

Tube weight,   lb 85.0 62.0 45.0 34.0 24.0 .6.0 10.0 

Recuperator weight,   lb 150.7 105.9 98.6 85.4 74.4 60.6 51.6     j 

Engine weight,   lb 276.9 232.1 225.0 211.6 200.6 186.8 177.8 

Engine OD,   in. 27.10 26.2 25.4 25.4 25.4 24.5 24.9      | 

Engine OV  length,   in. 42.5 30.0 38.0 36.0 35.0 33,0 29.5 

(AP/P) 
= 6^ 

Bundl*,   ID,   in. 

Bundle 00,   <"• 

17.5 

23.5 

16.7 

23.5 

16.0 

21.5 

18.15» 

22.15 

16.5 

20.0 

16.5 

19.0 

17.0 

19.0 

Tube length,   '"• 21.5 19.5 i9.0 15,45 16.0 16.0 14.5      j 

Tube diameter,   in. .075 .10 .1^5 JO .10 .20 .15        1 
Tube weight,   lb 67,C 48.0 35.0 25,29 21.0 12.0 9.0       ! 

Recuperator weight i   "> 125.0 102.2 82.5 69.7 6C.I «9.0 44.5      1 
Engine weight,   lb 251.2 228.4 208.7 195.9 186.3 175.2 170,7 

Engine 00,   in- 26.6 26.7 24.9 25.5 23.6 22.8 22.3     ! 

Engine OV length,   '"■ 37.0 35. U 34.5 30.95 31.0 31.0 30.0     j 

(AP/P) 
= 8* 

Bundle ID,   '"• 

Bundle 00,   '"• 

16.0 

20.5 

16.0 

22.5 

17.5 

22.0 

17.0 

19.5 

16.5 

20.0 

16.5 

19.5 

16.0      1 

18.5 

Tube length,   '"• 18.0 17.5 13.5 15.5 13.5 12.0 10.5 

Tube diameter,   in- .075 .075 .075 .075 .10 .15 .15 

rube weight >   '^ 64.0 43.0 31.0 24.0 17.0 n.o 7.0 

Recuperator weight>   ,D 104.6 90.2 71.1 60.5 52.8 43.8 35.4      i 

Engine weight >   lb 230.8 216.4 197.3 186.7 179.0 170.0 161.6 

Engine 00 >   in- 24.10 25.8 25.4 23.3 23.6 23.3 22.4      j 

Engine 0V  length J   :n- 33.5 33.0 29.5 31.0 29.5 29.5 29.5      j 

(Ap/p) 
=  lO1* 

Bundle ID,   in- 

Bundle 00 >   '"■ 

15.5 

21.5 

!4.0 

19.0 

16.5 

20.5 

16.0 

19.0 

18.0 

22.0 

17.0 

19.0 

17.5 

19.0 

Tub:: length'   ln- 18.5 18.5 14.5 16.5 11.0 13.0 11.0 

Tube diameter>   in- .075 .075 .075 .075 .10 .15 .15        1 
Tube weight >   ,b 56.0 40.0 27.0 20.0 14.0 9.0 6.0 

Recuperator weight '   '^ 100.9 77.9 64.7 56.6 51.5 41.9 36.2 

Enginfc weight '   ,b 227.1 204.1 190.9 182.8 177.7 168.1 162.4 

Engine 00 , in. 24.9 22.8 24.1 22.3 25.4 22.8 22,8      ! 

Engine 0V length >   ln- 34.0 34.0 30.0 32.0 29.5 29.5 29.5 

♦Reference engine conditions. 
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i                 TADLE XVI.     SELECTED HEAT EXCHANGER A*0 EM5INE SIZES AND WEIGHTS 
(FOR ENGINE C0NFI6URATI0H B-2)  FOR RAHGE OF VARIABLES 

i                                          CONSIDERED IN PARAHETRIC STUDY                                                          1 

1 Pressure 
Loss Effectiveness 0.80 0.75 0.70 0.65 0.60 Ö.50 0.40       | 

i W) Sundle 10,   In. 16.0' 14.7' •4.5* I5.0B u.o" 14.0" i7.315    [ 

' ** Bc-ndle 00,   In. 23.0 24.6 20.« 21.5 19,0 18.5 2 ,2        j 

Tube length,   in. 18.5 13.8 16.0 13,2 14.0 11.7 8.8 

Tube diameter,   in. .10 .10 .125 .125 .15 .20 .20 

Tube weight,   lb 9*.0 63.0 45.0 33.0 26.0 15,0 9.0          ' 

Recuperator weight,   lb i:2.! 91.7 69.8 57.* 48.3 35.4 25.» 

Engine weight,   >b 248.3 217.9 !96.0 !8;.6 174.5 161.6 152.0      i 

Engine 00,   in. 23.2 24. fc 20.6 21.7 19.2 18.7 2 .4 

Erjine OV length,   in. 33.0 28.!. 30.5 28.5 28.5 28.5 28.5       j 

(ÄP/P) 8i>ndle ID,   in. •.5.01 14. ;* !5.5 • I4.36,4»J4.0" 14.5" 14.0«4 

= bi Sandle 00,   in. 21.9 20,7 19.7 18.86 18.0 19.1 16.7 

Tube length,   in. 14.5 14.7 12.5 12.22 10.2 9.0 9.5          j 

Tube diameter,   in. .10 .10 .10 0.125 .125 .15 .20          | 

Tube weight,   )b 69. ö 52.0 57.0 26.9 20.0 12.5 8,0          | 

Recuperator weight,   lb 93.4. 75.6 58.0 47.4 39.0 29.5 24.0 

Engine weight,   ib 219.6 201.8 164.2 173.6 165.2 155.7 150.2 

Engine 00,   in. 22.1 20.9 19.» 19.04 18.2 19.3 16.9        | 

Engine OV  length    ]p. 29.0 29.2 28.5 29.50 28.5 28.5 28.5        l 

(äP/P) Bundle ID,   in. 16.C5 15.0' 14.0" 14.0 ,J 14.0 " 14.5" 14.0»' 

= 8* Bundle 00,   in. 23.2 20.5 18.8 18.0 19.7 17.3 18.4 

Tube length,   in. 12.5 12.0 12.0 11.5 8.0 8.2 7 0          | 

Tube diameter,   in. .10 .10 .10 .10 .10 .125 *  5 

Tube weight,   lb 62.0 45.0 33.0 24.0 18.0 11.0 7,0          I 

Recuperator weight,   Ib 86.4 67.2 52.9 42.9 36.8 27.0 23.1        li 

Engine weight,   Ib 212.6 193.4 179.1 169.1 163.0 153,2 UI.S 

Engine 00,   in 23.4 20.7 19.0 18.2 19.9 17.5 18,6        j 

Engine OV  length,   in. 28.5 28.5 28.5 28.5 28.5 28.5 28.5       j 

(iP/P) Bundle 70,   in. 14.0* 17.0« 15.2" 15.5»» !5.S:' 14,75^ 14.5 »'I 
= 10* Bundle 00,   in. 20.7 22.4 19.7 20.2 19.3 17,2 18.4 

Tube length ,   in. 12.0 9.0 9.8 8.6 8.0 8,0 5 6 

Tube diameter,   in. .10 .10 .10 .125 .10 .125 "  5 

Tube weight,   lb 56.0 37.0 ^6.0 20.0 15.0 9.7 6.0 

Recuperator weight ,   lb 77.6 58.2 45.0 39.1 32.4 25.3 2 .5        j 

Engine weight ,   Ib 203.8 186.4 171.2 165.3 158.6 151.5 147.7 

Engine 00 ,   in- 20.9 22.6 19.9 20.4 19.5 17.4 19.6 

Engine OV length ,  in. 28.5 28.5 28.5 28.5 28.5 28.5 28.5 

1 •   Reference enqine conditions. 

CD   Unit numbers referred to in Figure   6 0. 
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recuperator and engine cost over a range of effectiveness and pressure loss, 
and these are shown in the sensitivity curve arrays. A comparison of heat 
transfer and weight data for the four configurations at the reference engine 
conditions is given in Table XVII. 

In comparing the two external installations, it can be seen from the tables 
that configuration A-l is more attractive from the standpoint of minimum 
engine weight and also has a slightly smaller package envelope. Similarly, 
for the internal installations, configuration B-2 has the smallest weight 
and package size. This trend for both these configurations exists over the 
range of effectiveness and pressure loss examined. The weight scalars, 
established from a detailed weight analysis at the reference engine condi- 
tions, were used to generate the curves for recuperator and engine weight 
shown in the sensitivity study. 

From the thermal, weight, and cost analyses, it is concluded that arrange- 
ments A-l and B-2 are the most attractive from the standpoints of minimum 
weight and cost. The effects of small changes in any one of the design 
variables for these two flow configurations have been analyzed in the sen- 
sitivity study. 

All of the tube weights quoted in the recuperator parametric study are 
based on a tube wail thickness of 0.004 in. since this represents the mini- 
mum value being used in current high performance lightweight tubular recu- 
perators. The wor.v outlined in Reference 4 indicates that tube walls as 
thin as 0.0035 in. ran withstand the sevenf hot corrosive environment 
associated with the gas turbine exhaust. The effects of recuperator tube 
wall thickness on overall engine weight are shown on Figures 61 and 62 for 
engine configurations A-l and B-2, respectively. At the reference engine 
conditions, the utilization of the thinner tube wall results in an overall 
engine weight savings of only 3 pounds. The cost of the recuperator would 
increase by 3 percent, showing up as a less than I percent increase in over- 
all engine cost. There is little incentive in using wall thicknesses 
greater than 0.004 in.  since this results in a weight penalty without a 
decrease in cost.  From the tube material cost curves on Figure 57, it can 
be seen that for diameters of less than 0.15 in. (most of the minimum weight 
solutions were for diameters smaller than this value), the tube cost for 
the 0.005 and 0.006 in. wall? is the sac« as that for the 0.004 in. walis. 

In the analysis and designs discussed so far, no reference has been made 
to the engine final exhaust system.  None of the engine weight figures 
includesthe weight of the final exhaust ducting, since the exact shape 
and size, etc., is very much dependent on the engine installation for a 
particular application. A curve relating exhaust duct size with exhaust 
gas velocity and velocity head for a range of recuperator effectiveness is 
shown in Figure 63.  Because of the low gas side pressure loss allowable, 
there is a big incentive in the recuperative gas turbine to keep the 
exhaust gas velocities as low as possible.  For the 5 !b/sec mass flow 
recuperative engine under consideration, a final axhaust duct diameter 
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TABLE XVII.     COMPARISON OF FOUR RECUPERATIVE ENGINE CONFIGUKATIONS             ! 
|                                      AT THE REFERENCE ENGINE CONDITIONS 

Installation Type External Internal 

Configuration A-i A-2 B-l 8-2 

Tube bundle ID,   in. 15.83 17.18 18.15 14.36 

Tube  bundle OD,   in. 20.83 22.50 22.15 i8.86 

Tube length,   in. 16.20 16,18 15.45 12.22 

Number of tubes Aeoo 6656 4690 5004 

Tube diameter,   in. .10 .10 .10 .125 

Dimple parameter,   i 0.04 0.06 0.04 0.02 

Outside surface geometry S8300100 IB200I25 SB270I00 SBI50I00 

Surface compactness,   ftVft2 241,0 289.0 268.0 389.0 

G  inside tubes,   lb/sec-ft2 21.65 15.46 21.89 25.43 

Reynolds  number  inside 6808.0 4964.0 6867.0 9955.0 

hA  inside,   Btu/hr-0F 21,495 31,363 20,815 1 7,790 

G outside tubes,   lb/sec-ft2 2.91 4.284 2.92 3.39 

Reynolds  number outside 2108.0 2461.0 1787.0 936.0 

hA outside,   Btu/hr.0F 12.729 10,472 13,138 14,395 

hAT/hA 
1      o 

1.69 2.99 1.59 1.24 

Core volume,   ft3 1.35 1.55 1.13 0.83 

Tube weight,   lb 27.14 37.59 25.29 26.90 

Recuperator weight,   lb 76.63 9!. 76 69.70 47.40 

Engine weight,   lb 202.8 217.96 195,9 173.6 

Engine overal1  diameter,   in. 23.45 25.00 25.50 19.04 

Engine overall   length,   in. 29.90 30.18 30.95 28.50 

Recuperator cost,,   percent 136.0 186.0 115.0 iOO.O 

Engine cost,   percent 108.0 119.5 103,5 100.0 
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in the order of 15 to '6 in. would result in exhaust gas velocities of 
140-120 ft/sec at the reference engine conditions.  Equivalent flow areas 
could be used to give exhaust duct geometries that are compatible with 
the engine and installation. An exhaust duct system considered for the 
A-l engine is shown in Figure 64.  In this systen, the gas leaving the 
annuius at the recuperator exit is collected in a type of volute and 
directed to the final exit plane which is shown as a simple rectangular 
duct. An isometric view of the A-l configuration showing the simplicity 
of the overall engine and exhaust system is shown in Figure 65.  For the 
internal installation, the exhaust geometry is much dependent on the engine 
location within the airframe.  Essentially, the exhaust gas must be col- 
lected in an annular scroll from the recuperator exit and ducted to the 
final exhaust plane. An exhaust duct system considered for the B-2 engine 
is shown in Figure 66. An isometric view of the B-2 configuration showing 
the simplicity of the overall engine and exhaust system is shown in Figure 
67. With a nonrecuperated engine, there is no exhaust back pressure 
from the heat exchanger, and much higher exhaust gas velocities are in 
order; by careful design of the exhaust system, additional benefits in 
thrust and hence overall fuel consumption can be realized. To complete 
the picture, a very simple exhaust system is shown for the nonrecuperative 
engine in Figure 68. 

In the design of the recuperative engines, considerable thought was given 
to the complete integration of the heat exchanger and the turbomachinery 
structures to give a compact, Iightweight design. The A-l and B-2 engines 
are of essentially modular construction and can be disassembled very 
quickly for routine inspection or maintenance. The basic modular concept 
for engines A-l and B-2 is illustrated in the exploded views shown in 
Figures 69 and 70 respectively.  By removal of the bolts from flange A, 
the engine is split into the two basic gas-generator and power turbine 
modules. Using the same tool, the bolts can be removed from flange B, and 
after removing the end cap from the bearing housing at C, the complete 
recuperator assembly can be removed from the power turbine section, this 
giving the three basic assemblies shown in the figures. Using one simple 
double-ended tool, the engine can be disassembled into the three basic 
elements in just a few minute^. 
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Figure 69. View Showing Modular Construction of 
Engine Configuration A-l. 
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Figure 70. View Showing Modular Construction of 
Engine Configuration B-2. 
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SENSITIVITY STUDY 

VARIABLES CQNSIDERID 

In the previous section, it was established that engine configurations A-l 
«nd B-2 were the most attractive from the standpoints of minimum weight 
and cost for t!ie external and .nternal installations, respectively. 

The sensitivity study is aimed at establishing a series of curve arrays for 
engine configurations A-l and B-2 in which the following variabler will be 
shown in a related manner: 

Recuperator effectiveness 

Recjperator nressure loss 

Recuperator weight 

Recuperator cost 

Specific fuel consumption 

Specific power 

Engine weight 

Engine cost 

Fuel savings compared with nonrecuperative engine 

Mission time 

The curve arrays are presented in such a manner that the effect of a small 
change in any one of the variables on the overall system can be readily 
seen and evaluated. 

To enable a meaningful performance and weight comparison to be made between 
the nonrecuperated and recuperated engines, simple scaling factors were 
generated.  Both cycles initially had the same air through-flow and com- 
ponent performance. However, the power produced by the recuperated engine 
was approximately 6 percent less than that of the nonrecuperated engine 
cycle because of the pressure loss in the recuperator. A series of in- 
fluence coefficients was generated, such that the through-flow and com- 
ponent performance of the nonrecuperated engine cycle could be adjusted so 
that the output power of the nonrecuperated engine would correspond to the 
output power of tbe referenced recuperated engine.  The weight and SFC of 
the scaled engine were also determined, and the results are shown in Table 
XVIII. 
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TABLE XVIII.     COMPARISON OF NONRECUPERATIVE AND 
RECUPERATIVE  ENGINE  DATA 

Engine 

Refe 
Recupere 

e  =  .65, 

rence 
ited Cycle 
(AP/P) = 6# Nonrecupe rated Cycle 

Configuration A-i 3-2 Initial Scaled 

Airflow,   lb/ser 5.0 5.0 5.C 4.7! 

Shaft horsepower 962.7 962.7 1028.3 962.7 

SFC,   Ib/hp hr 0.365 0.3^5 0.464 0.4663 

Specific power, 
hp/!b/sec 192.54 I92.5Ä 205.66 204.39 

Engine weight,   lb 
1  

202.8 l'S.ö 1 14.8 1 10.0 

SENSITIVITY CURVES FDR EXTERNAL INSTALLAHON (A- 1 
The recuperator and engine weight and cost data plotted are for tne opti- 
mum units selected in the previous sect.on and outlined in Table XIII. 
The two curve sheets necessary for the sensitivity plots are shown in 
Figures 71 and 72.  With recuperator effectiveness and pressure loss as 
the two main parameters, the curves shewn on Figure 7! can be summarized 
as follows: 

a. Effectiveness - SFC relationship for lines of constant recuper- 
ator pressure loss. 

b. Effectiveness - Recuperator weight for lines of constant recup- 
erator pressure loss. 

c. Effectiveness - Relative recuperator cost for lines of constant 
recuperator pressure loss. In these curves a recuperator cost 
factor is. shown wit'i a datum value of unity for the reference 
engine conal Hons. 

d. Effectiveness - Difference in engine weights between recupera- 
tive and nonrecuperative variants at the same power level for 
lines of constant recuperator pressure loss. 

e. . rectiveness - Engine weight for lines of constant recuperator 
pressure loss. 

f. Effectiveness - Relative engine cost for lines of constant re- 
cuperator pressure loss.  In these curves, an engine cost factor 
is shown with a datum of unity at the reference engine conditions 
(recuperator effectiveness of 0.65 and pressure loss of 6 
percent). 
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g.   SFC - Weight or fuel saved between recuperative and r.on- 
recuperative variants at the same power level for lines of 
constant mission time. 

The other family of curves shown on Figure 72 can be sun^arized as 
fo1 Iows: 

h.  Effectiveness - Engine power, for lines of constant recuperator 
pressure loss. 

i.  Four basic plots of effectiveness - Net weight saving by using 
recuperative engine for lines of constant mission time.  The 
four basic plots are for recuperator pressure loss values of &, 
6, 8 and 10 percent. 

j.   Effectiveness - Minimum flight time at which the fuel saving, 
by using the recuperative variant, equals the additional weight 
of the recuperator for a recuperator pressure loss of 6 percent. 

On each of these two curve sheets, the various curve arrays outlined above 
are essentially related oy common basic recuperator parameters.  On these 
figures, a dotted line is shown relating the various curve arrays at the 
reference engine conditions. Use of the curves is illustrated in an example 
for engine configuration A-I given in Table XIX. 

SENSITIVITY CURVES FOR INTERNAL INSTALLATION {%~Z) 

The recuperator and engine weight and cost data plotted are for the optimum 
units selected in a previous section and outlined in Table XVI. The two 
curve sheets necessary for the sensitivity plots are shown in Figures 73 
and 76. The graphical format is the same as that used for the external 
type of installation described above.  Use of the curves is illustrated in 
an example for engine configuration B-2 given in Table XX. 

PERFORMANCE OF EXTERNAL ENGINE INSTALLATION (A-T 

For a continuous-duty industrial gas turbine, where minimization of overall 
engine weight and package size are not the influencing features in the 
engine design, there is naturally a big incentive in selecting a high effec- 
tiveness recuperator to realize the maximum possible fuel savings.  For 
such units, with life .-equ i rements often in excess of 50,000 hr. the fuel 
cost represents a high percentage of the overall operating cost over the 
life of the machine. To minimize overall operating costs of such machines, 
low specific fuel consumptions can be achieved by high degrees of recupera- 
tion. 

For aircraft gas turbines there is also a requirement for low fuel consump- 
tions.  However, for machines of ihis type, designed for relatively short 
life requirements and short-duration continuous-duty periods, the ground 
rules for heat exchanger selection are different.  For short-duration 
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TABLE XIX.     EXAMPLE ON USE OF SENSITIVITY CURVES 
FOR  ENGINE CONFIGURATION A-l 

Recuperator Fffectiveness 

Recuperator  Pressure Loss  (AP/P , 7> 

Figure   71 a;    SFC,   Ib/hp hr 

Figure 72 

Recuperator weight, lb 

Recuperator coit factor 

Difference in engine weight, lb 

Engine weight, lb 

Engine cost factor 

Fuel saved, lb* 

Engine power 

Net weight savings, lb 

Break-even time, minutes*** 

0.65 0.70 

6.0 6.0 

0.365 0.356 

76.6 90.0 

1.0 1.27 

92.8 106.2 

202.8 216.2 

1.0 1.077 

97.5 106.2 

962.7 961.0 

*» ** 

57.0 60.0 

*Fuel saved given in Ib/hr (i.e., for a !-hr mission time) 

**Net weight savings Is defined as the difference in fuel consumption 
minus the difference in engine weights, for the recuperative and non- 
recuperative variants. From Figure 72, it can be seen that the net 
weight savings is dependent on mission time.  For example, at a mission 
time of 2 hours, the net weight savings would be 102.2 lb and i06.2 lb 
for the above effectiveness values of 0.65 and 0.70, •■espectively. 

***Break-even time is defined as the time in which the additional weight 
of the recuperative engine is offset by the decreased fuel consumption. 
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TABLE XX.     EXAMPLE ON USE OF SENSITIVITY CURVES 
FDR  ENGINE CONFIGURATION B-2 

Recuperator Effectiveness 

Recuperator Pressure Loss  (AP/P), % 

Figure 73 

Figure 74 

SFC,   lb/hp hr 

Recuperator weight,   lb 

Recuperator cost factor 

Difference  in engine weight,   lb 

Engine weight,   lb 

Engine cost factor 

Fuel   saved,   lb* 

Engine power 

Net weight savings, lb 

Break-even time, minutes*** 

0.65 0.70 

6.0 6.0 

0.365 0.356 

47,A 58.0 

1.0 1.32 

63.6 74.2 

173.6 184.2 

1.0 1.072 

97.5 106.2 

962.7 961.0 

** ** 

39.2 41.9 

*Fuel saved given in Ib/hr (i.e., for a 1-hr mission time) 

**Net weight savings is defined as the difference in fuel consumption 
minus the difference in engine weights for the recuperative and non- 
recuperative variants.  From Figure 74, It can be seen that the net 
weight savings is dependent on mission time.  For example, at a mission 
time of 2 hours, the net weight savings would be 131.4 lb and 138.2 lb 
for the above effectiveness values of 0.65 and 0.70, respectively, 

***Break-even time is defined as the time in which the additional weight 
of the recuperative engine is offset Dy the decreased fuel consumption. 
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flights, only a small fuel weight saving would be achieved using a recupera- 
tive engine compared with a non-heat-exchanged version.  For such flights, 
the utilization of a high effectiveness recuperator will result in a para- 
sitic weight penalty, since fuel weight saving is less rhan the additional 
weight of the recuperator. 

For ? given pressure loss, it can be seen from Figure 72 that an effective- 
ness can be selected to give the maximum net weight savings for a given 
mission time. Typically, for the 6'percent pressure loss recuperator, it 
can be seen that a minimum break-even time of 56 min corresponds to an 
effectiveness of 60 percent. Recuperator effectiveness for maximum net 
weight savings for different mission times is given below: 

Mission time, hours      !      1.5    2.0    2.5    3.0 

Recuperator effective-   0.61   0.657   0.706   0.752   0.80 
ness for maximum net 
weight savings 

A curve array summarizing the performance of the A-l engine configuration 
is shown in Figure 75. The basic carpet plot relates recuperator effect- 
iveness and pressure loss with engine weight. Superimposed on this map 
are lines of constant specific fuel consumption and lines of engine cost 
factor. This figure supplements the main sensitivity curves and provides 
a simple means of rapidly determining the effect of small changes in any 
one of the basic parameters. 

PERFORMANCE OF INTERNAL ENGINE INSTALLATION (B-2) 

The cornments given above for the external installation equally apply here, 
and for a given pressure loss, it can be seen from Figure 74 that an 
optimum effectiveness can be selected to give the maximum net weight sav- 
ings for a given mission time. Typically, for the 6-percent pressure loss 
recuperator, it can be seen that a minimum break-even time of 37.5 minutes 
corresponds to an effectiveness of b8 percent. Recuperator effectiveness 
for maximum net weight savings for different mission times is given below; 

Mission time, hours I       1.5      2      2.5 

Recuperator effectiveness  0.645    0.704    0.747    0.787 
for maximum net weight 
savings 

A curve array summarizing the performance of the B-2 engine configuration 
is shown in Figure 76. This figure supp.ements the main sensitivity curves 
and provides a simple means of rapidly determining the effect of small 
changes in any one of the basic parameters. 

202 



Figure 75. Curves Showing Relation?h;ps Between Recuperator 
Parameters and fngine Weight, Fuel Consumption, and 
Relative Cost for Configuration A-l. 
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SENSITIVITY STUDY SUMMARY 

The curve arrays have been presented in such a manner that the effect of a 
smell change in one of the salient variables on the overall system can be 
readily seen and evaluated. The additional curve in Figure 77 shows the 
fuel savings In gallons per hour by using a recuperative engine. At the 
reference engine conditions, in the order of U.5 gallons/hour are saved 
by using a recuperative engine. Additional curves are included which show 
the fuel cost savings using the recuperative engine for a range uf fuel costs. 

The question of what the fuel will cost the user in remote areas has not 
been examined in this study. As long as aircraft fuel will be required in 
remote areas where this fuel will have to be transported by aircraft, the 
cost of fuel will be considerably higher than 10 cents/gallon docks!de cost. 
From the curves in Reference 6, the cost of fuel delivered by hel:copters 
for a radius of 100 nautical miles is estimated to be in the order of $1 per 
gallon. For the engine considered in this study, with a life requirement 
of 1000 hours, the aoded cost of the recuperative variant could be offset 
with a fuel cost of Itcs than $1 per gallon. 

A summary of the two recuperative engines (at the reference engine conditions) 
and the nonrecuperated engine is outlined in Table XXI. 

To compare the estimated performance of the recuperative engine with cycle 
data from previous engine studies, the design values of specific fuel con- 
sumption and specific power (at the reference engine conditions) are shown 
plotted on Figures 78 and 79; the basic curves shown on these plots are 
taken from Reference 7, 
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TABLE XXI.     PERFORMANCE, WEIGHT, AND COST SUMMARY FOR  NONRECÜPERATIVE 
AND RECUPERATIVE ENGINES AT THE REFERENCE  ENGINE CONDITIONS 

Non- 
Engine Configuration A-l B-2 recuperative { 

Installation Type External Internal Not defined 

Figure Number 4 34 5 

Airflow,   lb/sec 5.0 5.0 4.71               [ 

Recuperator rffectiveness 0.65 0.65 

Recuperator Press Loss 6.0 6.0 

Specific Power, hp/!b/sec 192.54 192.54 204.39          j 

Horsepower 962.7 962.7 962.7 

Specific Fuel  Consumption, 0.365 0.365 0.4663          | 
)b/hp/hr 

Recuperator Weight,   lb 76.6 47.4 1 
Specific Recuperator Weight, 15.32 9.48 -                     ! 
lb/lb/sec 

Engine Weight,   lb 202.8 173.6 IIC.O 

Specific  Engine Weight, 40.56 34.72 23.35            1 
lb/lb/sec 

Horsepower/Engine Weight 4.75 5.55 8.75               1 

Engine Overall   Diameter,   in. 23.45 19.04 14.00             J 

pngine Overal 1   Length,   in. 29.90 28.50 28.55 

Engine Cost,  $/hp 46.40 42.90 33.24 
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RESULTS 

In this study, analytical and design approaches have been presented for two 
integrated engine designs. In both configurations, the recuperator is con- 
sidered to be the prime element and forms the structural backbone of the 
turbomachinery assembly. Using the same cycle conditions and component 
efficiencies, a simple cycle engine design has been presented to enable a 
comparison of performance, weight, and cost to be made betweer. 3 nonrecupera- 
tive and a recuperative engine, at the same power level. 

All the variants presented have a simple two-shaft turbomachinery layout. 
A power turbine consisting of two axial stages is used, and the output shaft 
is located at the rear of the engine to obtain a simplified shafting and 
bearing system. A single-stage axial gas generator turbine is used to drive 
the compressor, which embodies a single axial and centrifugal stage.  All 
turbomachinery designs have a fixed geometry, and for the turbine inlet tem- 
perature of 23000F, a total bleed airflow of 3-1/2 percent is appropriated 
for the cooling of the first- and second-stage nozzles and the first-stage 
blade. No final reduction gearbox design has been proposed, and a power 
turbine shaft output rotational speed of 40,000 rpm has been assumed. 

For both internal and external engine installations, the recuperator con- 
figurations proposed are annular designs, wrapped around the turbomachinery 
to give a fully integrated, lightweight, compact engine package. This 
annular concept is structurally desirable, in that the heat exchanger and 
rotating components are concentric, and the need for additional ducting to 
take the air and gas to and from the recuperator is eliminated. 

In comparing several types of heat exchanger surface geometries, it was con- 
cluded that lightweight, compact recuperators could be realized using dimpled 
plain tube surface geometries.  It was also found that minimum weight, two- 
pass cross-counterflow designs could be achieved by having the high-pressure 
compressure discharge air flowing inside the dimpled tubes and by having the 
low-pressure turbine exhaust gas flowing across the tube bundle. 

Data presented in the parametric study showed that unrealistic recuperator 
sizes, as regards compatibility with the aircraft turbomachinery, resulted 
for effectiveness values much greater than 80 percent and for pressure loss 
values less than A  percent.  From the tables of selected optimum designs, 
it has been shown that for the high effectiveness cases, very small 
hydraulic diameter surfaces must be used to give units that have inner and 
outer diameters that are compatible with the turbomachinery.  In this study, 
the smallest tube diameter considered practical for compact, low-cost, 
tubular gas turbine application was 0.075 in. Where detailed drawings were 
available, detailed cost analyses were carried out at the reference engine 
conditions, enabling realistic estimates to be made for the detail parts. 
Knowing the exact cost breakdown for the reference engine designs, a series 
of equations was developed such that costs of units over a wide range of 
effectiveness and pressure loss could be estimated with a high degree of 
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confidence.  From the cost curves presented in the sensitivity study, it 
has been shown that the recuperator and engine costs are a strong function 
of heat exchanger effectiveness. 

In comparing the selected A-I and B-2 designs at the reference engine con- 
ditions, it is apparent that th" added structure associated with the exter- 
nal type of installation results in a considerable weight penalty. The 
difference in weight between the two designs is 29.2 lb, which reflects 
almost a 17-percent increase in engine weight for the A-I design compared 
with the much simpler B-2 configuration.  The recuperator specific weights 
at the reference engine conditions are 15.32 lb/lb/sec and 9.48 lb/lb/sec 
for configurations A-I and B-2, respectively. The ratios of tube weight to 
total recuperator weight for configurations A-l and B-2, at the reference 
engine conditions, are 35.5 percent and 56.8 percent, respectively. This 
additional weight clearly shows up in the break-even time, which is defined 
as the flight time in which the additional weight of the recuperative engine 
is offset by the decreased fuel consumption. At the reference engine con- 
ditions, the break-even times for the A-l and B-2 configurations are 57.0 
min and 39.2 min, respectively. 

To date, most of the research conducted in the area of recuperative aircraft 
gas turbines has been aimed at advancing heat exchanger technology and 
applying the units to existing engines, which have to be modified to in- 
corporate the recuperator. The maintenance and operating costs of these 
engines, with essentially oolt-on recuperators, are virtually unknown since 
experience gained in actual aircraft installations is minimal.  For the 
types of advanced designs presented in this study, in which the recuperator 
and its associated structure are considered during the design phase of the 
engine, there is no reason to doubt that with development, the recuperator 
reliability will be made equal to that of the other major engine components. 
If this is the case, the maintenance costs of the recuperative engine should 
essentially be the same as the nonrecuperative engine. 

At the extremes of the range of recuperator variables considered, the low- 
est SFC engine corresponds to a recuperator effectiveness and pressure loss 
of 0.80 and 4 percent, respectively. The highest SFC engine corresponds to 
a recuperator effectiveness and pressure loss of 0.40 and 10 percent, re- 
spectively.  A comparison of these engines with the reference engine and 
the nonrecuperative engine is outlined in Table XXII. 

In the sensitivity study, curves have been presented that show the selection 
of optimum recuperator effectiveness, for maximum net weight savings, to be 
dependent on mission time- The fact that the net weight savings curves have 
a maximum point shows that for short-duration flights, the quest for low 
SFC by utilizing a high effectiveness recuperator is not justified.  Beyond 
the maximum point on the curve, the fuel weight saving benefit from using a 
high effectiveness value becomes offset because of the associated increase 
in recuperator weight.  Since the positive slope of the curve toward the 
maximum point is small, low-effectiveness recuperators can be used with 
only a very small penalty in net weight savings. This of course results in 
an engine of considerably reduced cost. This effect is best illustrated by 
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TABLE XXII. ENGINE DESIGN SUMMARY FOR RANGE 
OF SFC COVERED IN ANALYSIS 

Engine 
Configuration 

Low 
SFC Engine 

A-l    B-2 

Reference 
Engine 

A-l    B-2 

High 
SFC Engine 

A-l    B-2 

Nonrt- 
cuperated 

engine 

Recuperator 
Effectiveness 0.80 0.80 0.65 0.65 0.40 0.40 - 

Recuperator 
Pressure 
Loss,^ k.O 4.0 6.0 6.0 10.0 10.0 

SFC, Ib/hp hr 0.333 0.333 0.365 0.365 0.425 0.425 0.4663 

Specific 
Power, hp/1b/sec 194.70 194.70 192.54 192.54 187.5 187.5 204.39 

Engine 
Weight, lb 303.7 248.3 202.8 173.6 161.1 147.7 110.0 

Power/Weight, 
hp/lb 3.20 3.92 4.75 5.55 5.82 6.35 8.75 

Engine OD,  in. 26.3 23.18 23.45 19.04 19.60 19.58 14.0 

Engine 
Length, in. 40.5 33.0 29.90 2G.50 28.7 28.5 28.55 

Engine Cost 
Factor 2.06 1.94 1.40 1.29 1.14 1.12 1.00* 

 4m   ' 

*Nonrecuperative engine cost as datum for comparison 
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examples for both the A-l and B-2 engin« configurations. Assuming that re- 
cuperator pressure loss of 6 percent is selected, and a design is being 
considered for a vehicle with a mission time of 2 hours, then the following 
data can be taken from the sensitivity curves for the A-l engine configura- 
tion: 

Effectiveness   0.50   0.55   0.60   0.65   0.706   0.75   0.8ü 

New weight     70.7   83.4   93.4   102.2  106.5   102.2  94.0 
savings, lb 

Engine cost     0.879  0.9i0  0.947  1.00   1.09    1.185  1.342 

From the above data taken from the sensitivity curves, it can be seen that 
the maximum weight savings corresponds to an effectiveness of 0.706. Assum- 
ing that an effectiveness of 0.55 is selected, then a reduction in net 
weight saving of 23,1 lb results, but the actual cost of the engine is 
decreased by almost 20 percent. 

Similarly for the 8-2 engine configuration, the following data can be taken 
from the sensitivity curves: 

Effectiveness   0.50   0.55   0.60   0.65   0.70    0.747  0.80 

Net weight      93.5   108.4  120.6  131,4  138.-   140.0  136.4 
savings, lb 

Engine cost     0.90   0.926  0.955  1.00   1.072   1.18   1.395 
factor 

From the above data and the sensitivity curves, it can be seen that the maxi- 
mum net weight savings corresponds to an effectiveness of 0.747, Assuming 
that an effectiveness of 0.55 is selected, then a reduction in net weight 
savings of 31.6 lb results, but the actual cost of the engine is decreased 
by almost 28 percent. 

The actual tradeoff between net weight saving and engine cost, etc., is 
dependent on the mission time and particular application; however, effects 
of small changes in any one of the basic parameters can be rapidly examined 
using the sensitivity curve arrays presented. 

0.50 0.55 0.60 0.65 0.70 

93.5 108.4 120.6 131,4 138. 

0.90 0.926 0.955 1.00 1.07 
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CONCLUSIONS 

This study has shown that for mission times of less than half an hour, 
there is no net weight advantage in using a recuperative engine. The 
optimum effectivosnass and pressure loss for maximum net weight savings are 
dependent on mission time. High effectiveness units are only beneficial 
for flight times in excess of 3 hours.  For mission times in the order of 
2 hours, maximum net weight savings are realized with recuperator effec- 
tiveness values in the range 0.60 to 0.70. 

Economic justification of the recuperative engine, from the standpoint of 
fuel cost savings, is very much dependent on the mission profile and the 
actual cost of the fuel. The total engine cost is a strong function of 
recuperator effectiveness. A direct recuperator cost comparison with 
units already in existence would not be meaningful, since for the inte- 
grated design, part of the recuperator cost is associated engine prin« 
structure. At the reference engine value of effectiveness of 0,65, the 
cost ratios of recuperative to nonrecuperative engines were 1.29 and 
1.39 for the internal and external types of installation respectively. 

Well integrated designs were achieved by utilizing an annular recuperator, 
of tubular construction, wrapped around the turbomachinery to give a com- 
pact lightweight engine package. Having such an arrangement, with the 
recuperator and turbomachinery concentric, minimizes any distortion, 
temperature differentials, and pressure losses, and having all the ducts 
integral with the engine structure contributes to lower overall engine 
cost. With the annular recuperator wrapped around the turbomachinery to 
give a compact,integral unit, additional secondary benefits can be 
realized.  In combat areas,one bullet could severely damage a non- 
recuperative engine, but the heat exchanged variant, although bigger in 
exposed area, is less vulnerable because the recuperator protects the 
rotating components, and even with local damage in the matrix, resulting 
in loss of performance, the helicopter or aircraft could still fly back to 
base.  In addition, the recuperator will provide turbine self-containment, 
and should result in a reduced engine noise level compared with existing 
designs. 

Ease of routine inspection and maintenance is emphasized for the integral 
type of design concept. With a single tool, the engine assembly can be 
split into the three basic modules, namely, the gas generator power 
section, the power turbine, and the recuperator, in just a few minutes. 

The axial-centrifugal compressor performance estimates were based on ad- 
vanced technology projections considered to be achievable withfn a 3-vear 
development period.  With a turbine inlet temperature of 23000F, and only 
3-1/2 percent of the compressor air flow available for cooling, highly 
sophisticated vane and blade cooli.-g techniques must be developed, in com- 
bination with advanced materials, which would allow metal temperature in 
excess of I8000F.  Thf small volume radial combustor is an advanced design 
and should have starting capability up to 33,000 ft when developed, and 
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will maintain a high level of efficiency over a wide operating range. The 
tubular recuperator performance estimates and proposed manufacturing 
techniques are based on state-of-the-art technology. 
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